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FOREWORD

The purpose of this program, "Long-Term Stability and Properties of
Zirconia Ceramics for Heavy Duty Diesel Engine Components,” Contract DEN3-305,
was to: (a) characterize the pertinent physical, mechanical, and thermal
properties of available technical grade transformation-toughened zirconia;

(b) relate the properties to the material microstructure and phase assemblage;
(c) assess the stability of the materials after long-term static exposure at
high temperature; and (d) assess the ability of foreign and domestic suppliers
to produce component shapes suitable for structural application in a heavy-
duty diesel engine.

The authors acknowledge the support of the DOE, Mr. Ed Gregory, Office of
Vehicle and Engine Research and Development, and the NASA-Lewis Program
Manager, Mr. James C. Wood (formerly Mr. Richard Lancashire and Mr. Harry
Davison), Vehicular Gas Turbine and Diesel Project Office, Energy Technology
Division.

Thanks are due Coors Porcelain Company for contributing test samples to
this program. The principal contact at Coors was Dr. Brian Seegmiller. The
cooperation of the other material vendors is also appreciated. They were
Mr. Rudy Vallee of Nilsen, Messrs. Ken Umehara and Keith Matsuhiro of NGK, and
Dr. Dieter Fingerle of Feldmuhle.

The authors are grateful for the helpful discussions and active collab-
oration with several people within the ceramics community on various aspects
of transformation-toughened zirconia. Special mention is made of Dr. Lise
Schioler of AMMRC, Dr. Robert Ruh of AFWAL, Dr. Paul Becher of ONRL, Dr.
Robert Ingel of NRL, and Dr. Brian Lawn of NBS. Additionally, Dr. Jim Patten
and Mr. Tom Yonushonis of Cummins Engine provided valuable insight from the
designer's standpoint.
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This is the final report on this contract. It is designated internally
as IITRI-M0O6117-22, and covers work performed over the January 1983-December
1984 time period. The experimental assistance of G. T. Jeka and J. Graf-
Teterycz is gratefully acknowledged. Additionally, the authors aré indebted
to H. Buhay and J. L. Grieser for platinum coating of thermal diffusivity

samples.
Respectfully submitted,
11 SEARCH INSTITUT
David €. Larsen
Senior Research Engineer
Jane W. Adams
Associate Research Engineer
Nonmetallic Materials and Composites
Materials and Processing Technology
APPROVED:

JO &

S. A. Bortz] Manager
Nonmetallic Materials and Composites
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SUMMARY

The purpose of this work was to (a) characterize the pertinent physical,
mechanical, and thermal properties of technical grade transformation-toughened
zirconia, (b) relate the properties to the material microstructure and phase
assemblage, and (c) assess the stability of the materials after a long-term
static exposure at high temperature that is appropriate for diesel engine
application.

The materials investigated were NGK Z-191 Y-TZP, Nilsen MS and TS Mg-PSZ,
Feldmuhle ZN-40 Mg-PSZ, and Coors Mg-PSZ. Properties measured from 25° to
1000°C included flexure strength, elastic modulus, fracture toughness, creep,
thermal shock, thermal expansion, internal friction, and thermal diffusivity.
Stability was assessed by measuring the residual property after 1000 hr/1000°C
static air exposure. Additionally, static fatigue (stress-rupture) and ther-
mal fatigue testing was performed.

Unique X-ray diffraction and etched reflected 1ight microscopy capabili-
ties were necessary to separate and distinguish the three co-existing crystal
phases in these transformation-toughened zirconia (TTZ) materials. The Mg0-
stabilized materials were found to consist of mainly large (50-100 ym) cubic
grains, within which the metstable tetragonal phase is an intragranular pre-
cipitate dispersion. X-ray diffraction indicated a composition consisting of
nominally and typically 58% cubic, 37% tetragonal, and 5% monoclinic. The
Y203-stabi1ized material consisted of nominally fully tetragonal polycrystals
of average size in the range 1-5 ym (i.e., single-phase fine grain tetra-
gonal).

The fast fracture 4-point bend strength was measured at 25°, 500°, 750°,
and 1000°C. The fine-grain NGK Y-TZP has the highest strength (~130 ksi),
The room-temperature Weibull moduli are relatively high for structural ceram-
ics (m ~20). This illustrates the greater allowable defect size as the frac-
ture toughness is increased. The predominant fracture origins for all four
ZrO2 materials in this study were large pores and pore agglomerates. It is
significant to notice that the flexural strength of all materials decreased
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linearly with temperature (50-70% strength reduction at 1000°C). This can be
interpreted in terms of increased stability of the metastable tetragonal phase
with increasing temperature. This is not to be confused with the related
mechanism of overaging, or primary tetragonal-to-monoclinic (t » m) transfor-
mation (and resultant loss of properties) upon extended elevated temperature
exposure. This was also investigated on this program. The residual room-
temperature bend strength after 1000 hr/1000°C exposure was measured. Y-TZP
is much more stable with respect to the overaging phenomenon. In the current
tests, only 7% of the strength was Tost for Y-TZP after 1000 hr/1000°C expo-
sure, The Mg-PSZ materials experienced 30-70% strength reductions. X-ray
diffraction analyses confirm that this is an overaging phenomenon (loss of
tetragonal phase). However, XRD results also indicate that destabilization
(1oss of cubic) and decomposition phenomena are also involved in the Tong-term
elevated temperature degradation of Mg-PSZ materials.

The dynamic elastic modulus of the four as-received materials was found
to decrease from approximately 29.5 x 106 psi at room temperature to ~23 x 106
psi at 1000°C. The residual elastic modulus at 25°C was not affected by the
1000 hr/1000°C aging exposure,

Strong evidence of major microstructural changes was observed for all Mg-
PSZ materials after the 1000 hr/1000°C exposure. This was readily seen in
thermal expansion curves of typical Mg-PSZ materials before and after aging.
There is strong evidence for increased monoclinic phase in the exposed sam-
ples, indicating t » m transformation to explain the loss in properties. Con-
sistent with its microstructural stability, the Y-TZP showed no evidence of
monoclinic phase in the thermal expansion behavior. Reflected light micro-
graphs are similarly interpreted. X-ray diffraction results confirm the
degradation mode.

The fracture toughness was measured by the indentation-strength method,
and the results were similarly interpreted. Room-temperature values of as-
received materials ranged from nominally 7.9 to 11.6 MPa'ml/Z. The toughness
of the Y-TZP was 25% lower than the average value for the three Mg-PSZ mate-
rials. Toughness (KC) decreased to 2.5-5 MPa*m1/2 at 1000°C. For Mg-PSZ this
decrease was 54-63%. For Y-TZP, the 1000°C toughness was 70% lower than at
ambient room temperature. This illustrates that the fracture toughness in
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both Y- and Mg-PSZ decreases significantly with temperature as the tetragonal
phase becomes more stable. The residual room-temperature fracture toughness
after 1000 hr/1000°C exposure was approximately 6.3-7.4 MPa'm1/2 for both Y-
and Mg-PSZ. For Mg-PSZ, this represents a ~30-50% reduction from the unex-
posed condition., For Y-TZP, the room-temperature fracture toughness decreased
only 6% after 1000 hr/1000°C exposure. These toughness results parallel the
strength changes with temperature and exposure.

The creep behavior of these materials was measured at 1000°C. The Y-TZP
exhibited over an order-of-magnitude higher creep rates than any of the Mg-PSZ
materials. This can perhaps be explained by higher diffusional cfeep and
grain boundary sliding in Y-TZP resulting from (a) greater grain boundary
volume and (b) the presence of a SiOZ-rich glassy intergranular phase. How-
ever, creep in both Y-TZP and Mg-PSZ was not affected by the 1000°C/1000 hr
static exposure. The creep mechanisms are independent of the phase assem-
blage,

Water quench thermal shock results indicate that the high strength mate-
rials from NGK and Nilsen exhibit the highest AT. values (ATC ~400°-450°C).
However, all four materials degrade to equivalent levels (ATC ~275°C) after
the 1000 hr/1000°C thermal exposure.

Thermal diffusivity was measured at room-temperature (both before and
after exposure) by the laser pulse method. Thermal diffusivity for TTZ is
very low--nominally 11 x 1073 cm2 sec™l. Hence, its utility as a thermal
insulator for minimum heat rejection or adiabatic diesel engines. For the Mg-
PSZ and Y-TZP materials studied, the thermal diffusivity for as-received mate-
rial only varied #3%. The thermal diffusivity of NGK Y-TZP was nominally 2%
higher than that of the three Mg-PSZ materials. This correlates to its nomi-
nally 2% higher density. Apparently, the widely different grain size, dopant
and phase content of Mg-PSZ and Y-TZP do not affect the thermal diffusivity.
Therefore, in the as-received condition, commercially available transformation-
toughened zirconia materials have nominally equivalent values of thermal dif-
fusivity (and thus also thermal conductivity, since the densities are similar
and the specific heat is not expected to vary significantly). After 1000 hr/
1000°C exposure, the thermal diffusivity increased slightly (in general from
3% to 13%, corresponding to an increase in monoclinic content and associated
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microcracking with overaging. The thermal diffusivity of the Coors material,
however, increased by as much as 40% upon the extended thermal exposure.
These results indicate that thermal diffusivity in transformation-toughened
zirconia is more affected by the degree of microcracking that accompanies any
degradation than by the grain size and changes in phase content per se.

Static fatigue tests were conducted in flexure at 1000°C. For Y-TZP, it
was found that for applied loads as low as 70% of the 1000°C fast fracture
strength, excessive deformation (>7%) was obtained in ~200 hr. The particular
Y-TZP studied on this program has a very stable microstructure, but exhibits
severe creep deformation problems related to its fine grain structure and
SiOZ-rich intergranular regions.

Much different behavior was obtained for the Mg-PSZ materials in static
fatigue. A1l such materials survived for periods of nominally 2000 hr at
1000°C while under applied loads of up to 90% of the fast fracture strengths
at that temperature. This indicates that classic static fatigue mechanisms
such as bulk diffusion, cavity nucleation, creep fracture, or subcritical
crack growth are not significantly operable or performance-limiting for Mg-
PSZ. However, all Mg-PSZ materials so tested failed during subsequent
furnace-cooling under load to room temperature after the successful static
fatigue tests. All failures occurred at a furnace temperature almost precise-
ly equivalent to the MS temperature of each material (as seen in a thermal
expansion curve, the temperature of tetragonal-to-monoclinic phase transforma-
tion upon cooling). These results are jnterpreted in terms of the microstruc-
tural state of the material at the end of the 2000 hr/1000°C thermal exposure
--especially in regard to how much tetragonal phase is available to transform
to monoclinic, and how much remains tetragonal and merely becomes more metas-
table as the temperature is decreased to ambient conditions.

Thermal fatigue tests were conducted by repeated cycling (1115 times)
from 25° to 1000°C. The residual strength indicated that total time at ele-
vated temperature is the parameter that controls the degradation. Repeated
cycling through the martensitic transformation region was not particularly
detrimental, even for the Mg-PSZ material. Any degradation that does occur
appears to be related to the total time at elevated temperature. Repeated
cycling through temperatures where microcracking occurs does not cause
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cumulative damage. In fact, Feldmuhle ZN-40 Mg-PSZ exhibited complete
strength retention after the thermal fatigue cycles.

An overall comparison of the two major forms of transformation-toughened
zirconia, Mg-PSZ and Y-TZP is provided below.

3% Mg-PSZ (TTZ) 5% ¥~PSZ (TZP)
e Cubic with tetragonal precipitates e All tetragonal
e large grain size {(~50-75 ym) ® Fine grain (1-5 ym)
o Intermediate strength (90 ksi) e High strength (130 ksi)
@ 50% strength reduction at 1000°C ® 70% strength reduction at 1000°C
e Expansion, elastic modulus ~ Y-PSZ ° Expansion, elastic modulus ~ ﬁg-PSZ
e Poor thermal stability - overaging o long-term stability at temperature
e 30-70% strength reduction after 1000 hr/ e Only 7% strength reduction after 1000 hr/
1000°C 1000°C
® Good creep resistance ¢ Thermal expansion unchanged
e Creep unaffected by overaging ® Internal friction unchanged
Potential destabilization effects e Potential degradation at 200°C (water
vapor)
® Good static fatigue behavior e Poor creep resistance (S:LO2 intergranular)
® Most fallures relate to t + m transformation e Excessive deformation at temperature

For Y-TZP, excessive creep deformation is the long-term limitation of the
material. For Mg-PSZ, all failures or deficiencies are related to unwanted
tetragonal-to-monoclinic phase transformation.

When considering the use of these materials in design of structural com-
ponents, the ceramic technologist would be wise to consider only relatively
low temperature applications. There, the high toughness of TTZ leads to flaw
tolerance and high Weibull moduli. Therefore, these materials have perhaps a
higher probability of design acceptance compared to monolithic ceramics. Life
prediction methodologies should be based on the phase structure (e.g., tetrag-
onal retention) rather than strictly on flaw size.
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1. INTRODUCTION

The potential benefits to be gained from the use of ceramic components in
the hot section of diesel engines include: (a) higher temperature operation
leading to increased efficiency; (b) decreased weight when compared to metal
(superalloy) components; (c) reduced dependence on strategic materials such as
chromium and cobalt; (d) decreased complexity through the use of non-cooled
components; and (e) low thermal conductivity components leading to Tower heat
losses and thereby improved performance.

The Tow thermal conductivity of ceramics is of particular importance, and
has been successfully exploited in the adiabatic or minimum heat rejection
diesel engine. The concept is to insulate the high-temperature components of
the engine such as the piston cap, head plate, valve hardware, cylinder liner,
and exhaust ports. Additional power and improved efficiency result from this
concept since thermal energy normally lost to the cooling water and exhaust
gas (almost two-thirds of the energy input in a conventional diesel engine) is
converted to useful power through the use of turbocompounding., By reducing
the lost energy and eliminating the need for a conventional water-cooling sys-
tem, the adiabatic diesel has been demonstrated to improve fuel economy and
increase power output.

This concept of an insulated engine is of particular interest to the DOE
for heavy-duty vehicles such as buses and trucks. Those vehicles cannot be
downsized as automobiles have been. Therefore, the preferred route to im-
proved fuel economy in such heavy-duty engines is through advanced concepts
such as the adiabatic diesel engine. The long-range potential exists for the
development of such an engine using ceramic components in the hot section to
achieve reduced noise, reduced exhaust emissions, and broader fuel tolerance
as well as significant fuel economy improvement.

The performance advances that have been achieved by the adiabatic diesel
engine have largely been realized through the use of one generic class of
ceramic material, partially stabilized zirconia (PSZ). This particular
ceramic has been successful in this application for two reasons: (a) it



possesses a very low thermal conductivity; and (b) significant increase in
fracture toughness has been attained in this ceramic material by a phenomenon
known as phase transformation-toughening. Much work is currently being done
within the ceramics industry on transformation-toughened zirconia (TTZ).
Ceramic producers are beginning to supply newly developed materials to various
engine demonstration and component development programs. It is now an
appropriate time to develop a data base for such zirconia ceramics.

To this end, objectives of this program were:

e characterization of the pertinent thermal and
mechanical properties of commercial and develop-
mental zirconia ceramics that are currently avail-
able using standardized test methods and procedures

e relate the properties to the material microstruc-
ture and phase assemblage

e assessment of the long-term microstructural stabil-
ity of these materials at elevated temperature

o assessment of the ability of both foreign and
domestic sources to produce zirconia components
suitable for the intended application.

The program has provided an initial data base of thermal and mechanical
properties for various commercially available forms of TTZ. The results
demonstrate that the critical technical issue for these materials is the
various degradation modes that can potentially occur upon extended elevated
temperature exposure. Therefore, preventing phase changes during in-service
environmental conditions is the key to retaining the attributes of TTZ, and a
necessary condition of insuring their successful structural use in advanced
adiabatic diesel engines.



2. MATERIALS AND TEST PLAN

What has made transformation-toughened zirconia potentially accéptab]e
for the intended engine application from a structural materials design stand-
point is its high strength and fracture toughness. High toughness leads to
flaw tolerance and high Weibull modulus. This attribute is a result of the
unique phase assemblage of transformation-toughened zirconia, and how it is
controlled. The concept of transformation-toughening involves a finely dis-
persed metastable tetragonal phase that transforms to monoclinic in the ten-
sile stress field ahead of an advancing crack tip. This results in increased
fracture toughness. Current mechanistic interpretations of the improved frac-
ture properties of transformation-toughened zirconia include: (1) deflection
of the advancing crack front by interaction with the stress fields around the
transformed areas; and/or (2) microcrack generation leading to crack branching
and an increase in the energy necessary to continue crack propagation. A
third mechanism is sometimes discussed as a minor contributor, i.e., energy
absorption by the phase transformation process itself. Whatever the mechan-
jsm, it is known that the stress-induced phase transformation in front of an
advancing crack tip does absorb energy, arrest crack propagation, and thereby
increase the work necessary for fracture and the overall resistance to crack
propagation.

This program is structured around measuring the pertinent mechanical and
thermal properties, and interpreting the results with respect to the material
microstructure and phase assemblage. The properties of interest are listed in
Table 1., Note that the basic materials characterization parameters are in-
cluded: X-ray diffraction to characterize the phase assemblage, reflected
1ight microscopy to reveal grain size and porosity, spectrographic cation
impurity analysis, and density/porosity determination. Mechanical and thermal
properties were generally measured at 25°-1000°C, and included flexure
strength, elastic properties, fracture toughness, creep, thermal expansion,
thermal shock, and thermal diffusivity. To assess the long-term stability,
these same properties were measured after 1000 hr/1000°C static air exposure.
Additionally, static fatigue and thermal fatigue studies were conducted,



TABLE 1. PROPERTIES MEASURED

Characterization Parameters
@ Phase assemblage

® Microstructure

o Spectrographic analysis
o Density/porosity

Mechanical and Thermal Properties (25°-1000°C)
Flexure strength

Fracture origins/mode

Elastic modulus

Fracture toughness

Creep

Thermal expansion

Thermal shock

Thermal diffusivity

9 9 & @ 9 9 9 9 e

Internal friction

Long-Term Stability

® Properties after 1000 hr/1000°C exposure
e Static fatigue/stress rupture

o Thermal fatigue




Processing defects and fracture mode were assessed using the scanning electron
microscope. Microstructural stability was assessed by SEM, reflected 1ight
microscopy, and X-ray diffraction studies. The overall emphasis and central
issue in this program is the stability of the tetragonal zirconia crystal
phase; i.e., the phenomenon of overaging upon extended thermal exposure, and
resultant loss of toughness. This loss of the metastable tetragonal phase is
the major limiting factor for TTZ materials.

The ceramic industry was screened at the inception of this program for
potential suppliers of technical-grade zirconia. Four vendors were selected
on the basis of their active pursuit of the commercial diesel engine market,
their potential ability to scale up to production quantities, and our judgment
that their materials are today's most mature toughened zirconia ceramics. The
materials investigated were:

e Nilsen MS Mg-PSZ, TS Mg-PSZ*
e NGK Z-191 Y-TZP

® Feldmuhle ZN-40 Mg-PSZ

» Coors Mg-PSZ*

To avoid possible confusion, it is stated now that all materials investi-
gated are partially stabilized zirconia (PSZ) that has been transformation-
toughened. Some vendors use a "TT" designation to indicate that the material
is indeed transformation-toughened, i.e., TT—ZrOz. Others prefer to refer to
their material as "zirconia" or "partially stabilized zirconia." However, all
materials are actually a partially stabilized structure that has been
transformation-toughened. Although not generally used by the manufacturers,
we prefer to indicate the stabilizer used (i.e., either magnesia or yttria)
for each material. For instance, Mg-PSZ and Y-PSZ. As we shall see, this is
important in interpreting the properties observed.

*Coors and Nilsen (TS) materials were provided to this program at no cost.






3. PHASE, MICROSTRUCTURE, AND CHEMICAL CHARACTERIZATION

The basic materials characterization methods used on this program were X-
ray diffraction to determine the crystalline phase assemblage, emission
spectrdmetry for cation impurity analysis, reflected 1ight microscopy of
polished and etched sections for microstructural analysis, and an Archimedes
water immersion technique to determine density and porosity.

3.1 PHASE ANALYSIS

Zirconia phase analysis was accomplished with IITRI's Rigaku computer-
interfaced X-ray diffraction system,* which permits reliable quantitative
measurement of the relative amounts of monoclinic, tetragonal, and cubic
(coexisting) phases in zirconia. The XRD system is unique for this purpose
since (a) it is of higher power than ordinary XRD equipment, which results in
better resolution at higher reflected angles, and (b) the software permits
separation of shoulders on intensity peaks by fitting to specified intensity-
angle distribution functions. This results in a fairly accurate assessment of
the percentage of the structure that is tetragonal. The tetragonal content is
the primary indicator of toughness, microstructural stability, and overaging
phenomena.

The separation of two-phase systems where one of the phases is mono-
clinic, such as monoclinic and cubic,or monociinic and tetragonal (e.g., as in
NGK Z-191 Y-TZP), is not difficult. The major monoclinic peaks are separated
by ~2° 29 from either cubic or tetragonal peaks within the range 28° to 32° 29
when using Cu Ka radiation. Consequently, the percent tetragonal (which is
the primary quantified measurement desired) is easily calculated by standard
X-ray analysis methods.!*2

The problem of quantifying the relative amounts of phases when all three

phases are present in a TT—ZrO2 material is documented in the literature.3~9

*Rigaku 12 kW rotating anode X-ray diffractometer.
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With Cu Ka radiation the cubic and tetragonal phases are difficult to sepa-
rate, as their major peaks overlap at ~29°-30° 26. Separation is possible at
higher angles 26; however, the intensity of the peaks is lower there. As the
tetragonal » monoclinic transformation occurs, the tetragonal (004) and (220)
reflections at the higher angles decrease in intensity. The necessary use of
solid samples (since tetragonal will convert to monoclinic upon grinding) may
also create orientation/extinction problems.

The method with which we have been successful in separating the cubic and
tetragonal phases at IITRI, and which we used in this program, involves tech-
niques to enhance peak resolution and a curve-fitting computer pbogram de-
signed specifically for reducing X-ray diffraction data. In our procedure,
after scanning a quartz standard and the zirconia sample from 20° to 80° 2e,
the sample is scanned again at the major peak region from ~28° to 32° 26 using
high resolution aperture and receiving slits, high power (5 to 8 kW) and step
scanning at 0.01° 2¢6/min. The rotating anode of this diffractometer is useful
in overcoming orientation problems in solid samples. A curve is produced in
which the overlapping cubic and tetragonal peaks may be separated, as shown in
Figure 1. Data from both scans are reduced separately using the Alfred Uni-
versity X-ray Powder Diffraction Data Reduction Program. A Gaussian intensity
distribution function was assumed as it is easy to model.

The equations commonly used for phase analysis of transformation-
toughened zirconia assume only two phases: cubic and monoclinic, or tetrag-
onal and monoclinic. When three phases may be distinguished, the following
equations, after Schioler at AMMRC,? supply the necessary correction factors
in terms of R values for the three phases.

Vm + VC + Vt =1

V{(m) R(7) I%t)' )
R OB O
Vie) = v(m) [ weh « [ HB g
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V(t) = v(m) [ HEL§ [ Rim

where V(m), V(t), and V{c)

volume fraction of monoclinic, tetragonal, and
cubic phases, respectively

I(i) = integrated intensity of the peaks of the phases

as above, and I(m) = sum of the (111) and (111)
peaks

R(i) = calculated intensity of the peaks as above.

For Cu radiation:

R(m) = 227.02 [sum of two peaks: (11I) and (111)]
R(c) = 200.31
R(t) = 187.96

When only two phases are present in a material, as for NGK Z-191 Y-TZP
where VC = 0, or when tetragonal and cubic peaks cannot be separated, the
equations are:

V(m) + V( ) =]

Y =tV v o)

_ 1
t + c) L [;(m) , —R(t +c)y

m Lt +o)

where R(m) = 227.02 [sum of (111) and (111) peaks]
R(t +¢) " 388.27: for inseparable cubic and tetragonal peaks
R(t) = 187.96: when no cubic phase is present

Baseline as-received samples and materials after exposure were character-
ized by XRD analysis of polished cross sections and fracture surfaces. The
polishing procedure consisted of mounting a cross section of sample in epoxy,
then handheld grinding on 220, 360, and 600 grit diamond-bonded wheels,
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followed by polishing with 9 ym, 6 ym, 1 ym, and 1/4 ;m diamond paste on
Buehler napped microcloth. It is recognized that the tetragonal domains in
TTZ can be transformed to monoclinic by the stresses involved in the grinding
process. However, Pascoe and Garviel0 demonstrated that the transformed layer
resulting from rough grinding can be polished off during the 1 ym diamond
paste stage, thus revealing a microstructure representative of the bulk mate-
rial. Samples were polished with 1 ym and 1/4 uym diamond paste and X-rayed
alternately until the diffractometer profile remained unchanged by polishing.
A1l diffraction patterns were obtained at room temperature.

Figure la shows normal fast scans over the region of the first four major
zirconia peaks for a representative baseline Mg-doped PSZ. The pattern ob-
tained when the sample is slowly scanned over the combined cubic and tetrag-
onal peak at ~30° 26 is presented in Figure 1b, where the shoulder on the left
part of the curve is the tetragonal peak. Similar scans for unexposed Y-PSZ
(NGK Z-191) are shown in Figure 2. This material does not contain a cubic
zirconia phase; the peak at ~30° 26 consists of tetragonal material only.

Tabular X-ray diffraction results for the diamond-ground surfaces of as-
received materials and their bulk interior, determined by XRD analysis of
polished samples, are provided in Table 2. The Mg-PSZ materials are comprised
of nominally 60% cubic, 35% tetragonal, and 5% monoclinic zirconia phases.

NGK Z-191 Y-PSZ is 100% tetragonal, and therefore is more properly referred to

TABLE 2. BASELINE PHASE ANALYSIS OF TRANSFORMATION-TOUGHENED ZIRCONIAZ

As-Received, %

Material Ground SurfacesP Polished BulkP»C
Nilsen MS My-PSZ 67 (t + ¢), 33 (m) 37 (t), 58 (c), 5 (m)
Coors Mg-PSZ 49 (t + c), 51 (m) 34 (t), 60 (c), 6 (m)
Feldmuhle ZN-40 Mg-PSZ 79 (t +c), 21 (m) 34 (t), 63 (c), 3 (m)
NGK 7Z-191 Y-TZP 85 (t), 15 (m) 100 (t)

3performed at IITRI using a Rigaku 12 kW rotating anode diffractometer
and the Alfred University XRD data reduction computer program.

bScanned 20°-80° 26 at 0.5° 28/min using Cu Ka radiation.

CStep-scanned 28°-32° 20 at 5 kW, 0.01°/step and 9 sec/step to separate
cubic (111) and tetragonal (101) peaks at ~30° 2.

12



X-RAY POWDER DIFFRACTION DATA REDUCTION PROGRAM., VER. 24
ALFRED UNIVERSITY:»

DATE? 02-JUN-84

Y

ALFREDy NEW YORK

TIME? 171353134

SAMPLE ID$ Mé6117 ~ SAMFLE NG1F63s POLISHED
DATE OF RUN?! 02~JUN-B84

STARTING ANGLE ¢
ENDING ANGLE :
ANGLE INCREMENT?
PTS, FOR SMOOTH?:

15811305
20,0000 COUNT TIME 3
80,0000 XSIGMA VaLUE:
0.0500 YSIGMA VALUE?
3 MINIMUM FWHM:

(S0KV» 100MAy

6.0

0.75
1.50
0.01

AN ASTRIX INDICATES A CALCULATED ALPHA 2 PEAKR,
I’S FOR ALFHA 2 PEAKS CALCULATED WITH €U KAZ2,

CALIBRATION CORRECTION CURVE WAS APPLIED,

FEAK 2~THETA
20.0640
20,2637
20,5634
20,9629
21,2127
21.4624
21,7122
27.1616
30.3640
10 34,7692
11 35.1197
12 35,3700
13 35.8207
14 43,1311
15 50,3391
16 50.8395
17 09,4427
18 59.8427
19 60,2926
20 62,9420
21 73,1351
22 73.3349%
a3 73,8844
24 74,1342%
25 74.5839

NN U DN -

TOTAL NUMBER OF

+b

FEELE

I
4,4219
4,3787
44,3156
4,2342
4,1849
4,1368
4,0898
3.2804
2,9413
2,5780
2.5531
2,5356
2.5047
2.0956
1.8112
1.79435
1.5537
1,5442
1.5338
1.4754
1.2929
1.2931
1.2816
1.2811
1,2713

RELINT DEL 01 INT CFS
2.54 0.0109 190.6
2,18 0.0107 163.5
2,08 0.0104 156.6
0.926 0.0100 72.0
1,93 0.0097 144.9
1.04 0.0095 78.4
0.83 0.0093 62,2
0.87 0.0059 65,5

100.00 0.,0047 7514.8
8.10 0.0036 408.56
5403 0,0035 377.7

i2.85 0.0035 965.4
0.85 0.0034 6441
1.16 0.0023 87.2

54.10 0.0017 A065.2

18,83 0,0014 13%92.4

14,98 0.,0012 1125,7

12.86 0.,0012 96645

26.34 0.0012 1979.4
7.30 0,0011 548.8
2,14 0,0008 160.5
1,06 0.0008 79.8
1.79 0.0007 134,7
0.97 0.0007 72,6
4,72 0.0007 354.7

FEAKS FOUND 3 25
NUMBER REJECTED DUE TO SMALL FWHMS 0

.

- !
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; it
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!
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ORIGINAL PAGE IS
OF POOR QUALITY
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Figure 2a. XRD trace of NGK Z-191 Y-TZP at standard scanning rate over the region

n28° to 32° 20 showing the absence of monoclinic peaks.
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as a TZP (tetragonal zirconia polycrystals). Results for the ground surfaces
of all materials illustrate a significant increase in monoclinic, as near-
surface tetragonal transforms to monoclinic due td the stress associated with
the diamond grinding process.

X-ray phase analysis was also performed on fracture surfaces and polished
sections (to reveal the bulk phase assemblage) of representative samples from
fast fracture flexure tests conducted at 25°, 500°, 750°, and 1000°C. The
results are presented in Tables 3a-3d. There are several important things to
notice about these results. First, note that the phase assemblage of all Y-
TZP and Mg-PSZ materials is not a function of test temperature (although XRD
was performed only post-test at ambient room temperature). This has implica-
tions for interpretation of strength-temperature data to be presented in
Section 4. Additionally, note in Tables 3a-3d that similar results were
obtained on the fracture surfaces as were obtained for the polished bulk
material for all fast fracture test conditions. This is somewhat surprising,
in that increased monoclinic due to t » m transformation during fracture might
be expected to be observed on fresh fracture surfaces. This observation is
explained by consideration of the size of the transformation zone in compari-
son to the expected beam penetration in the X-ray diffraction measurement.

The X-ray beam penetration is much greater than the thin zone of transformed
material in the wake of the propagating crack tip. Thus, the XRD measurement
includes below-surface contributions, which in this case would be the material
bulk structure.

X-ray phase analysis was also performed on samples that had been exposed
for 1000 hr at 1000°C in static laboratory air. These results are also com-
piled in Table 3. Note in Table 3a that the TZP material, i.e., NGK Z-191 (Y-
PSZ), exhibited precisely the same phase assemblage as it did prior to the
exposure, This illustrates the high stability of the Y203-doped TZP micro-
structure. Figure 3 illustrates little difference in the exposed and un-
eXposed diffraction patterns for Y203—doped TP,

Such microstructural stability was not observed for any of the three 1000
hr/1000°C exposed Mg-PSZ materials, as shown in Tables 3b-3d. The dincrease in
monoclinic and concurrent decrease in tetragonal illustrates the problem of
Mg-PSZ materials referred to as overaging. The basic phenomenon is that the
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TABLE 3a. X-RAY DIFFRACTION RESULTS?® FOR NGK Z-191 Y-TZP

Phase Composition, %

Tetrag- Mono-
Test Condition Cubic onal clinic
A. Fast Fracture
s Polished Bulk
25°C 0 100 -
500°C 0 98 2
750°C 0 99
1000°C 0 99 1
o Fracture Surface
25°C -- -- --
500°C 0 95
750°C 0 98
1000°C 0 98 2
B. 25°C, Exposed 1000 hr/
1000°C (polished bulk) 0 99 1

dResults determined by calculation for two phases on 8 kW
slow step-scan patterns showing evidence of two phases
present.
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TABLE 3b. X-RAY DIFFRACTION RESULTS? FOR NILSEN MS Mg-PSZ

Test Condition

A. Fast Fracture
o Polished Bulk
25°C
500°C
750°C
1000°C

» Fracture Surface
25°C
500°C
750°C
1000°C

B. 25°C, Exposed 1000 hr/
1000°C (polished bulk)

Phase Composition, %

Tetrag- Mono-
Cubic onal clinic
57 37 5
56 33 12
59 32 8
60 31
57 34
63 31
66 29 5
21 11 69

3A11 results determined by calculations on 8 kW slow step-
scan patterns showing evidence of three phases present.
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TABLE 3c. X-RAY DIFFRACTION RESULTS?
FOR FELDMUHLE ZN-40 Mg-PSZ

Test Condition

A. Fast Fracture
® Polished Bulk
25°C
500°C
750°C
1000°C

» Fracture Surface
25°C
500°C
750°C
1000°C

B. 25°C, Exposed 1000 hr/
1000°C (polished bulk)

Phase Composition, %

Tetrag- Mono-
Cubic onal clinic
63 34 3
43 41 16
56 40 4
61 36
54 44 2
67 32 1
53 45 2
41 0 59

311 results determined by calculations on 8 kW slow step-
scan patterns showing evidence of three phases present.

18



TABLE 3d. X-RAY DIFFRACTION RESULTS? FOR COORS Mg-PSZ

Phase Composition, %

Tetrag- Mono-
Test Condition Cubic onal clinic

A. Fast Fracture
o Polished Bulk

25°C 60 34 5
500°C 58 39 3
750°C 56 40 4
1000°C 72 25 3
o Fracture Surface
25°C -- - -
500°C 66 30
750°C 57 37
1000°C 51 46
B. 25°C, Exposed 1000 hr/
1000°C (polished bulk) 10 10 80

4A11 results determined by calculations on 8 kW slow step-
scan patterns showing evidence of three phases present.
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ORIGINAL PAGE I8
OF POOR QUALITY

SAMPLE ID! M6117~MOUNTEDy FOLISHED NG1F23.EXFOSED 1000HR/L000C - 5 KW <
DATE OF RUN3 14-SEF-84 17135305 —_ ‘R (036
. i
STARTING ANGLE ¢ 23,0000 COUNT TIME § 6.0 10
ENDING ANGLE t 80,0000 XSIGMA VALUES  0.75
ANGLE INCREMENT:  0.0500 YSIGMA VALUE: 1.50
FTS., FOR SMOOTH: 5 MINIMUM FWHM:  0.04
AN ASTRIX INDICATES A CALCULATED ALPHA 2 FEAK,
D’S FOR ALFHA 2 PEAKS CALCULATED WITH CU KAZ. : T
CALIBRATION CORRECTION CURVE WAS AFPLIED,
FEAK 2-THETA i} RELINT DEL Tt INT CFS FUHM
1 23,0614  3,8535 1,55 0.0082 463,7  0.0500 )
2 23,4112 33,7967 1.29 0.0080 387.0 0,0500
3 23,6612  3,7571 1,05 0.0078 313.2  0.1000 T RN
4 23,9111  3.,7184 0.76 0.,0074 227,8  0.,0500 -
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10 28,5625  3.1226 0.22§ ° 0.0053 64,9  0,0500 R SRR RN NARARERY R
11 28,8126  3.0960 0,17 00,0052 49,4  0,1000 e
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Figure 3a.

XRD trace of exposed NGK Z-191 Y-TZP at standard scanning rate

over the region “~28° to 36° 20 showing the absence of monoclinic peaks.
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SAMPLE I} -Mé1i7- N51F73 FOLISHED, “MOUNTED ZRO EXFOSED 1000HR/1000C: SLOW. SCAN

TIODATE OB RUN:. 17-0CT-84 © 14122105
ATHSTARTING ANGLE §  27.5000 COUNT TIME ¢ 9.0 :
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TUAN ASTRIX INDICATES A CALCULATED ALFHA 2 FEAK: -
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Figure 3b. XRD trace of NGK 3-191 Y-TZP step-scanned at 0.01° 20/min

at 8 kW over a 29° to 32° 20, indicating only tetragonal phase
after 1000 hr/1000°C exposure.
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tetragonal phase is finely dispersed within large cubic grains and, upon
extended exposure at elevated temperature, grows to a size that can no longer
be constrained in the metastable tetragonal condition, resulting in subsequent
transformation to monoclinic. Representative exposed and unexposed diffrac-
tion patterns for My-PSZ are shown in Figures 4a and 4b, where definite in-
crease in the monoclinic zirconia phase upon exposure occurs at ~28° and 31°
20.

However, examination of the relative amounts of cubic, tetragonal, and
monoclinic phases in Mg-PSZ after the 1000 hr/1000°C exposure, and comparison
with the unexposed phase assemblage, indicates that more than just t s m
overaging must be involved in the degradation of Mg-PSZ materials upon 1000
hr/1000°C exposure. Tables 3b-3d illustrate that the monoclinic content
increases at the expense of the cubic phase as well. The transformation of
cubic to monoclinic indicates the presence of destabilization and/or
decomposition effects, as well as overaging upon exposure.

3.2 MICROSTRUCTURE

The microstructure of the zirconia materials was studied by reflected
light microscopy. The polishing procedure consisted of grinding on 220, 360,
and 600 grit diamond-bonded wheels, followed by polishing with 9 ym, 6 um, and
1 um diamond paste on Buehler napped microcloth. The polished samples were
etched at 80°C; the etchant consisted of a solution containing 100 ml water, 8
ml hydrofluoric acid, 8 g ammonium bifluoride, and 1 ml hydrogen peroxide.*

It is recognized that the tetragonal domains in TTZ can be transformed to
monoclinic by the stresses involved in the grinding process. However, Pascoe
and Garviel0 demonstrated that the transformed layer resulting from rough
grinding can be polished-off during the 1 ym diamond paste stage, thus reveal-
ing a microstructure representative of the bulk material. This is the proce-
dure used in the current work. This aspect of transformation-toughened zir-
conia is obviously critical for the preparation of samples for TEM analysis or
strength testing; however, even though the tetragonal domains are not visible

*Etchant formula provided by D. Cheever of Coors Porcelain Co., Golden, CO.
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in low-magnification optical microscopy, it is recommended practice to be
aware of the grinding stress induced transformation. This was the procedure
used for obtaining the X-ray phase assemblage of the below-surface bulk mate-
rial, described in the previous section.

The pre- and post-exposure microstructure of each material 1s.pgesented
1n'Figures 5-8, The Mg-PSZ materials (Figures 5-7) look similar. The primary
phase in each material both before and after exposure is large (50 to 100 ym),
1ight gray grains which are cubic (refer to XRD phase analysis). The lighter
phase which surrounds the large grains is monoclinic, and the darkest phase is
porosity. At optical microscope magnifications, the intragranular tetragonal
phase (within cubic grains) cannot be seen. Note that the Feldmuhle and Coors
materials have considerably larger grain size and more porosity compared to
the Nilsen material. Thus, lower strength is expected. The unexposed Mg0-
doped materials have monoclinic phases surrounding cubic grains in bands of 1
to 5 ym thicknesses.

After 1000 hr/1000°C exposure, the intergranular regions in Mg-PSZ have
grown to thicknesses of 10 to 15 microns in cubic grain boundaries, and to re-
gions of ~25 ym diameter at grain triple points. XRD results confirm the
increased volume of monoclinic material after exposure for these Mg-PSZ mate-
rials. The metastable tetragonal precipitates have transformed to monoclinic
upon 1000 hr/1000°C exposure (overaging), and the cubic matrix has decomposed
and/or destabilized, as evidenced by the development of a monoclinic grain
boundary phase. Note that Figures 5 and 7 illustrate that the Nilsen and
Coors materials appeared to decompose more than did the Feldmuhle ZrOZ, at
least as indicated by the microstructure revealed by reflected 1ight micro-
scopy. This will be correlated with their relative strength retention in
Section 4.

The microstructure of the NGK material is illustrated in Figure 8. This
is a very fine-grained material, the approximate average grain size being 1-5
um. The microstructure shown in Figure 8 gives no optical indication of a
monoclinic phase. The tetragonal phase in Y-PSZ is not a precipitate as in
My-PSZ, but rather a discrete phase. In fact, the NGK Y-PSZ is composed
primarily of discrete tetragonal grains (a TZP). X-ray diffraction confirms
100% tetragonal single phase. Interestingly, after 1000 hr/1000°C exposure
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(a) Unexposed, etched 1.25 min.

(b) Exposed 1000 hr/1000°C, etched 50 sec.

Figure 5. Microstructures of Nilsen MS Mg-PSZ before and
after 1000 hr/1000°C exposure.
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(a) Unexposed, etched 1.25 min.

(b) Exposed 1000 hr/1000°C, etched 1.5 min.

Figure 7. Microstructures of Coors Mg-pPSZ before and
after 1000 hr/1000°C thermal exposure.
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OF POOR QUALITY

(a) Unexbosed, etched 4.75 min.

(b) Exposed 1000 hr/1000°C, etched 5.75 min.

Figure 8. Microstructures of NGK Z-191 Y~TZP before
and after 1000 hr/1000°C thermal exposure.
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the microstructure, as observed at 1000X, has not markedly changed. This
correlates with the excellent phase retention for NGK Y-TZP discussed in the
previous section,

3.3 SPECTROGRAPHIC ANALYSIS

Spectrographic analysis of the four materials was performed at AMMRC.
Results are given in Table 4, The reported cation impurity concentrations
fall within the range expected for these zirconias. The calculated weight
percent major dopant (stabilizer) for each material is as follows: Nilsen MS,
3.35 Mg0; Feldmuhle ZN-40, 3.07 MgO; Coors, 2.95 Mg0O; and NGK Z-191, 5.08
Y203. Thus, the magnesia-stabilized materials investigated on this program
are more accurately referred to as 3% Mg0-PSZ. Likewise, the yttria-
stabilized zirconia is a 5% Y203-TZP. For the NGK material, if all the Si in
the structure were present as 8102, the 3102 content would be 1.1%. Similar-
ly, if all the Al impurity were present as A1203, the amount would be 0.8%.
It will be shown later in the sections on creep and static fatique, that the
high intergranular silica content results in excessive deformation for NGK Z-
191 ZrO2 at elevated temperature.

TABLE 4, SPECTROGRAPHIC ANALYSIS OF MAJOR IMPURITIES
IN UNEXPOSED ZIRCONIA CERAMICS?

Analysis, Weight Percentb
Material Mg Al Si Ca Ti Cr Fe In Y Ir

Coors Mg-PSZ 1.78 0.04 0 0.02 0.07 0.13 0,30 0.21 0.18 bal
Feldmuhle ZN-40 1.85 0.05 0.02 0.08 0.04 0.30 0.45 0.10 0.12 bal
Nilsen MS Mg-PSZ  2.02 b 0 0 0.05 0.14 0.44 0.05 b bal
NGK Z-191 Y-TZP b 0.43 0,52 0 0.03 0.01 o0.16 0.17 4,00 bal

3performed at AMMRC (courtesy of Dr. L. Schioler) by emission spectrometry
(ICAP source). Results of X-ray fluorescence indicate approximately similar
concentration of Hf in all four samples (a quantitative indication of the
hafnia content was not obtained).

bIndicates presence of element in concentration of less than 0.01 weight per-
cent,
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3.4 DENSITY

The sample-to-sample density distribution for each of the zirconia mate-
rials evaluated on this program is presented in Figures 9-13. A summary
tabulation is provided in Table 5, where open porosity and surface finish
information is included. Note that the TZP material (NGK Z-191 Y-PSZ) is
higher density than the Mg-PSZ materials.

Figure 14 illustrates the change in density after 1000 hr/1000°C expo-
sure, The Mg-PSZ materials exhibited ~2% decrease in density, whereas the
density of the TZP material survived the exposure virtually unchanged. This
evidence of the superior stability of TZP correlates with its phase and
microstructural retention presented above., The density decrease for Mg-PSZ is
the result of the transformation of tetragonal to monoclinic (the density of
cubic, tetragonal, and monoclinic forms of zirconia being 6.27, 6.10, and 5.56
g cm™3, respectively). The reflected light microscopy and X-ray diffraction
data confirmed the presence of the predominant monoclinic phase in Mg-PSZ
after 1000 hr/1000°C exposure.
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4. FLEXURAL STRENGTH

The flexural strength was determined in the quarter 4-point configuration
on test samples that were of nominal dimensions 1/8 x 1/4 x 2 1/4 in. The
upper and lower spans were 0.875 and 1.750 in., respectively, and the cross-
head deformation rate was 0.02 ipm. It is important to recognize that the
test sample population was small--from 5 to 8--and therefore only rough
estimates of Weibull moduli can be made.

4,1 STRENGTH AT ROOM TEMPERATURE

The fast fracture bend strength results for the four transformation-
toughened zirconia materials are presented in Figure 15.* NGK Z-191 TZP
(Yzos-stabilized) is the strongest material tested, having a room-temperature
4-point bend strength of ~130 ksi. This is a result of its small grain size
(~2 ym vs. ~50 uym for the other materials). The strongest MgO-stabilized
material was Nilsen MS Mg-PSZ, with a room-temperature strength of ~92 ksi.
Also note in Figure 15 that these two materials exhibited the highest Weibull
moduli. The Weibull modulus is a measure of the dispersion of the strength
data. The NGK and Nilsen materials exhibited Weibull moduli of 19.4 and 24.7,
respectively. These values were determined by a linear least-squares regres-
sion technique, using the sample population of eight. These values of m, the
Weibull modulus, are high for ceramics, and indicate the high degree of pro-
cess control being achieved for these materials. In contrast, the Weibull
moduli for Feldmuhle ZN-40 Mg-PSZ and Coors Mg-PSZ were 10.5 and 6.6, respec-
tively. These materials exhibit properties considerably more variable. It is
concluded that the NGK and Nilsen materials are more processing-mature, as
indicated by higher strength and higher Weibull moduli. Note that high
Weibull modulus is expected to be achieved with high toughness ceramics. High
toughness means greater flaw tolerance. This is seen from the Griffith

*Detailed results are tabulated in the Appendix, which includes strength,
failure strain, elastic modulus, and fracture origins.
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relation, where strength is proportional to the toughness and inversely
proportional to the square root of the flaw size. The strength-allowable flaw
size relation, illustrating the benefit of high toughness, is shown in Figure
16.

4.2 STRENGTH AT ELEVATED TEMPERATURE

At elevated temperature, Figure 15 illustrates that the flexure strength
of all four materials, Y-TZP as well as Mg-PSZ, decreases linearly with tem-
perature in the range 25°-1000°C. This strength reduction is not an inter-
granular effect as it is in covalently bonded ceramics such as silicon nitride
which require oxide sintering aids that result in deformable glassy grain
boundary films. Rather, linear strength reduction with temperature for
transformation-toughened zirconia is interpreted to be the result of the
metastable tetragonal phase (which is responsible for high fracture toughness)
becoming increasingly stable as the test temperature is raised. The high
degree of metastability of the tetragonal phase is what causes high toughness
via the stress-induced martensitic phase transformation that occurs in the
tensile stress field ahead of the advancing crack tip. Since the tetragonal
phase is stable from above approximately 1100°C, it follows that as the test
temperature of the bend test approaches 1100°C, this phase is less metastable
(i.e., more stable), contributes to toughening less, and results in lower
strength. Note that XRD results (refer to Table 3) for the fast fracture
tests showed no change in phase assemblage as a function of temperature. The
tetragonal phase is still present as the test temperature is raised, but it is
more stable and thus contributes to toughening and strength retention to a
lesser degree,

This effect of increased stability of the tetragonal phase with increas-
ing temperature and thus loss of properties is inherent to transformation-
toughened zirconia. Note in Figure 15 that the amount of fast fracture
strength decrease with temperature is, in general, directly proportional to
the original room-temperature strength of the material. That is, the higher
the strength at 25°C, the greater the strength loss at elevated temperature.
For instance, the strength loss from 25° to 750°C for the NGK material is 54%
and that of the Feldmuhle material is 36%. This temperature effect is related
to the initial state of the metastable tetragonal particies. Over the 25°-
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1000°C range, the fast-fracture strength reduction is 50-70%. The properties
are controlled by the degree of metastability of the tetragonal phase.
Therefore, Tow temperature use becomes a necessary intrinsic limitation for

transformation-toughened zirconia materials.

4.3 STRENGTH AFTER 1000 HR/1000°C STATIC THERMAL EXPOSURE

The fast fracture results are not to be confused with overaging phenom-
enon in TT-ZrOz, which involves tetragonal-to-monoclinic phase transformation,
and resultant loss in strength. Overaging can occur in the absence of stress.
It basically involves phase transformation that occurs as the tetragonal phase
converts to monoclinic after prolonged time at elevated temperature. Physi-
cally, the simplest interpretation is precipitate or particle growth in size
to the critical diameter where the matrix can no longer constrain the particle
in its metastable tetragonal condition, resulting in transformation to the
monoclinic state. For instance, Figure 17 illustrates the reduction in room-
temperature strength experienced by the four candidate zirconia materials
after they had been exposed in the unstressed state in static laboratory air
for 1000 hr at 1000°C. Note that Y-PSZ (i.e., NGK Z-191 TZP) 1is much more
stable with respect to overaging. In the current tests, only 7% of the
strength was lost for that Y-TZP after 1000 hr/1000°C exposure. The Mg-PSZ
materials experienced 30-70% strength reductions. X-ray diffraction analyses
presented in Table 3 confirm that this is an overaging phenomenon for Mg-PSZ,
and confirm the excellent strength retention of Y-TZP. Table 3a shows that
after 1000 hr/1000°C exposure, the NGK Z-191 Y-TZP had the same tetragonal
content (99-100%) as it had originally. The reflected 1ight micrograph of NGK
Z-191 after 1000 hr/1000°C exposure lends further support to this evidence of
stability of Y-TZP. The microstructure looks virtually unchanged after
exposure, as seen in Figure 8.

In contrast is the behavior of Mg-PSZ. Note in Table 3b that for the
post 1000 hr/1000°C exposure Nilsen MS Mg-PSZ, for instance, both tetragonal
and cubic contents decreased by about a factor of three, with corresponding
increase in monoclinic to a level an order of magnitude greater than was
present in unexposed material. This is more than simple overaging, where
tetragonal converts to monoclinic., The additional conversion of cubic to
monoclinic suggests that decomposition and/or destabilization are also
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involved. The reflected 1ight micrograph in Figure 5 confirms the degradation
of Nilsen MS Mg-PSZ after the extended exposure at 1000°C. The lightest phase
in the micrograph is monoclinic zirconia. Therefore, it is evident that a
monoclinic-rich grain boundary phase has developed during the 1000 hr/1000°C
thermal exposure. Similar comments hold for the other Mg-PSZ materials in-
vestigated on this program. Note, however, that Feldmuhle ZN-40 Mg-PSZ
degraded to a lesser extent than did Nilsen and Coors materials. Figure 17
illustrates that Feldmuhle ZN-40 exhibited only a 30% strength reduction after
1000 nr/1000°C exposure. This correlates with the post-exposure microstruc-
ture shown in Figure 6. Note that the monoclinic grain boundary phase is not
as pronounced as for the Nilsen and Coors materials (the microstructures of
which were shown in Figures 5 and 7, respectively). X-ray diffraction results
also illustrate the greater stability of Feldmuhle ZN-40. Table 3c illus-
trates that while no tetragonal remained after exposure (indicative of over-
aging, t > m), the cubic content did not decrease as much as the other Mg-PSZ
materials. This indicates greater resistance to decomposition or destabiliza-
tion. Therefore, a correlation exists among strength retention, microstruc-
tural appearance, and phase assemblage. Clearly, overaging phenomena together
with decomposition and/or destabilization occur simultaneously and in varying
degrees in Mg-PSZ materials.

Once Mg-PSZ is in an overaged condition, no further strength reductions
with temperature occur. For instance, Figure 18 presents the 1000°C bend
strength of exposed (overaged) materials. In general, no temperature effect
is observed. The strength at 1000°C of the overaged Mg-PSZ is roughly equi-
valent to its residual room-temperature strength.

SEM fractography was conducted on all tested samples. Representative
results are presented in Figures 19-23 for NGK Z-191 Y-TZP, Figures 24-28 for
Nilsen MS Mg-PSZ, Figures 29-33 for Feldmuhle ZN-40 Mg-PSZ, and Figures 34-38
for Coors Mg-PSZ. 1In general, fracture origins in these transformation-
toughened zirconia materials were pores and pore clusters, 20 to 100 ym in
size. Occasionally, a large grain was the fracture origin., Grain facets were
judged to be the fracture origins in several cases.
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ORIGINAL PAGE IS
OF POOR QUALITY.

(a) Sample containing a subsurface pore
fracture origin (NGIF4).

Figure 19. Fracture surfaces of NGK Z-191 Y-TZP
tested at 25°C.
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(b) Sample (tensile surfaces together) showing an open
pore fracture origin (NGIF5).

Figure 19. (cont.)
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ORIGINAL PAGE 1S
6F BOOR QUALITY

(a) Sample which failed due to a subsurface pore
cluster (NGIF6).

Figure 20. Fracture surfaces of NGK Z-191 Y-TZP tested at 500°C.
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(b) The mirror region contains a subsurface pore
cluster (NG1F9).

Figure 20. (cont.)
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ORIGINAL pagy ;-

o

POOR QuaLiry

(c) Fracture origin is a large grain located at the
bevel {(NG1F10).

Figure 20. (cont.)
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(a) Wide, flat mirror with a porous region fracture
origin (NG1F11),

(b) Higher magnification view of sample NGIF11 pore
cluster fracture origin.

Figure 21. Fractupe~surfaces of NGK Z-191 Y-TZP tested at 750°C.
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ORIGINAL Ppaci I3
OF POOR QUALITY

(c) Sample tested at 750°C failed due to a large sub-
surface pore fracture origin (NGIF1h).

Figure 21. (cont.)
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(a) Two views of the subsurface pore fracture origin
within sample tested at 1000°C (tensile surfaces
left, NGIF17).

Figure 22. Fracture surfaces of NGK Z-191 Y-TZP tested at 1000°C.
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ORIGINAL PAGE I3
OF POOR QUALITY

(b) Mirror region of a sample which contained a pore
as the fracture origin (NG1F20).

Figure 22. (cont.)
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Tensile surface

(a) Mirror region showing a fairly flat fracture
surface (NG1F22).

Tensile surface

(b) View of subsurface pore cluster which was.the frac-
ture origin (NG1F22).

Figure 23. Fracture surfaces of NGK Z-191 Y-TZP tested at 25°C
after 1000 hr/1000°C exposure.
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ORIGINAL PAGE IS
OF POOR QUALITY

(c) Sample NGIF24 which contained a corner mirror
region.

(d) Origin in quarter-round mirror of above sample
was a pore at the tensile surface near the
bevel (NG1F24).

Figure 23. (cont.)

57



(b)

Figure 24. Fracture surfaces of Nilsen MS-grade Mg-PSZ .
tested at 25°C. The sample (NV1F3) contained a sub-
surface pore as the fracture origin.
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ORIGINAL PAGE IS
OF POOR QUALITY

(b)

Figure 25. Fracture surfaces of Nilsen MS Mg-PSZ
sample NVIF9 tested at 500°C. The sample contained a
poorly sintered region, indicated by intragranular
fracture, which was the fracture origin. Note the
inter~ and intragranular porosity and the grain
facets.
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(b) Enlarged view of the surface connecfed pore
fracture origin. '

Figure 26. Fracture surfaces of Nilsen MS Mg-PSZ
tested at 750°C showing porosity as the fracture
origin: (NV1F13).

60



ORIGINAL PAGE 1S
OF POOR QUALITY

(a)‘Sample NVIF16.

(b) Sample NVIF16, higher magnificétion.

Figure 27. Fracture surfaces of Nilsen MS Mg-PSZ tested
at 1000°C showing pore cluster fracture origins.
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(d) Sample NV1F20, enlarged view.

Figure 27. (cont.)
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ORIGINAL PAGE 15
OF POOR QUALITY

(b) Higher magnification view of the large grain
fracture origin (NV1F23).

Figure 28. Fracture surfaces of Nilsen MS Mg-PSZ
tested at 25°C after 1000 hr/1000°C exposure.
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(c) Two views of a sample which contained
an open pore . at the tensile surface
which was the fracture origin (NV1F25).

Figure 28. (cont.)
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ORIGINAL PAGE s
OF POOR QUALITY

(b) Sample KF1F3 havin
origin.

g a large grain fracture

Figure 29. Fracture surfaces of Feldmuhle ZN-40 Mg-PSZ
tested at 25°C.
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(a) Sample KF1F8 contained a subsurface porous region
as the fracture origin.

(b) Sample KF1F8 at higher magnification.

Figure 30. Fracture surfaces of Feldmuhle ZN-40 Mg-PSZ
tested at 500°C.
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(c) Sampie KF1F7, which also had a poorly sintered
porous region as its fracture origin. Note
porosity and grain facets.

Figure 30. (cont.)
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sur-

(a) Sample having an open pore on the tensile
face as the fracture origin (KF1F14).

ew of the open pore within a grain
origin

(b) Enlarged vi
at the tensile surface, which was the

(KF1F14).
Fracture surfaces of Feldmuhle ZN-40 Mg-PSZ

Figure 31.
tested at 750°C.
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(a) Low magnification view of the mirror showing
the region where the poorly bonded grains
fracture origin spalled off (KF1F16).

(b) Higher magnification view of above sample showing
where grains had not sintered (KF1F16).

Figure 32. Fracture surfaces of Feldmuhle ZN-40 Mg-PSZ
tested at 1000°C.
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(c) Wide flat mirror region containing a slit-shaped
region (perpendicular to the tensile surface)
where grains were poorly bonded (KF1F19).

(d) View of the unbonded edge of a grain which was
the fracture origin (KF1F19).

FPigure 32. . (cont.)
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ORIGINAL PAGE [g
OF POOR QUALITY

(a) Sample which contained a pore cluster at the bevel
as the fracture origin (KF1F22).

(b) Higher magnification view of the pores open to
the surface at the bevel (KF1F22).

Figure 33. Fracture surfaces of Feldmuhle ZN-40 Mg-PSZ
at 25°C after 1000 hr/1000°C exposure.
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(d)

Figure 33. (cont.)
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ORIGINAL PAGE IS
OF POOR QUALITY

20X

(a) Low magnification photograph indicating the frac-
ture origin and lack of typical fracture surface
features (CBI1F3).

Tensile
surface

L V . L v

(b) Higher magnification photograph of the above
sample showing the subsurface fracture origin
(CB1F3).

Figure 34. Fracture surfaces of Coors (3% MgO) Mg-PSZ
representative of typical pore fracture origins for
samples tested at 25°C.
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e

Figure 35. SEM micrograph of Coors Mg-FSZ showing
a fracture surface having an undetermined fracture
origin (sample CBIF7 tested in 4-point flexure at
500°C) .
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ORIGINAL PAGE IS
OF POOR QUALITY

(a) Low magnification view showing an open pore at
the tensile surface, which was the fracture
origin (CB1F14).

(b) View of above sample showing the 50 um open
pore (at right) which was the fracture origin
(CB1F14).

Figure 36. Fracture surfaces of Coors Mg-PSZ
tested at 750°C.
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(a) Sample containing a region of poorly sintered
grains at the tensile surface which became the
fracture origin (CBIF16).

(b) This sample had an open pore at the bevel which
acted as the fracture origin (CB1F17).

Figure 37. Fracture surfaces of Coors Mg-PSZ tested
in 4-point flexure at 1000°C.
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20X

(b)
Figure 38. Optical micrographs of Coors Mg-~PSZ tested

in 4-point flexure at 25°C after 1000 hr/1000°C static
air exposure. Failure due to porosity as shown.
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4.4 SUMMARY OF ZIRCONIA STRENGTH

It is often informative to present strength data in a Weibull format,
where the failure probability is plotted as a function of stress. The analy-
sis used followed Johnson,!l where a two-parameter distribution was employed
with n/N + 1 probability ranking, and the Weibull modulus was determined from
a linear least-squares analysis. The results for each of the four zirconia
materials evaluated on this program are provided in Figures 39-42, where all
test conditions are included. These curves illustrate how the Weibull distri-
bution shifts with temperature and overaging. Figures 43-47 are arranged so
that the four materials can be directly compared for each test condition.

The bend strength data for the four transformation-toughened zirconia
materials are summarized in tabular form in Table 6. To summarize, all
transformation-toughened zirconia materials exhibit significant strength
decrease with temperature. Yttria-stabilized TZP, however, exhibits a much
more stable microstructure and phase assemblage with respect to extended
elevated temperature overaging.

TABLE 6. SUMMARY OF ZIRCONIA STRENGTH DATA

4-Point Flexural Strength,? psi

After 1000 hr/

As-Received 1000°C Exposure
Material 25°CP 1000°¢¢ 25°C¢ 1000°¢d
NGK Z-191 Y-TZP 129,090 40,320 119,840 5,790
Nilsen MS Mg-PSZ 92,450 41,600 39,350 46,870
Feldmuhle ZN-40 Mg-PSZ 61,830 30,860 43,210 36,060
Coors Mg-PSZ 69,880 23,740 21,140 31,740

41/8 x 1/4 x 2 1/4 in, specimen; upper and lower spans 0.875 and 1.750 in.,
~ respectively.

bSamp]e population = 8.
CSample population = 5.
dSamp]e population = 1,

@Sample cracked; may be anomalous, atypical, and not representative.
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5. ELASTIC MODULUS/STRESS-STRAIN BEHAVIOR

The dynamic elastic modulus was measured by a flexural resonant frequency
technique from 25° to 1000°C. The static or relaxed modulus was determined by
measuring the outer fiber tensile strain during flexural strength testing,
Resistance strain gages were used to measure deformation at 25°C. At elevated
temperature, a precision electromechanical instrument was employed, where
deformation was recorded at three positions on the sample tensile face within
the region of pure bending (i.e., within the upper span length) as shown in
Figure 48, This was accomplished by extending SiC rods from an LVDT coil and
core up through the furnace to the sample. In this manner, the outer fiber
tensile strain was directly recorded, without the need to employ potentially
inaccurate methods of subtracting out the fixture/load rod deformations. The
continuous stress-strain curves obtained are very helpful in assessing mate-
rial behavior.

5.1 AMBIENT TEMPERATURE ELASTIC MODULUS

Results at ambient room temperature are provided in Tables 7 and 8. It
is observed that the dynamic elastic moduli are approximately 5-7% higher than
the static relaxed elastic moduli (~29.4 vs. 27.7 x 106 psi on the average).
This is common for many ceramic materials and is related to plasticity
effects, The deformation is very small in the dynamic test, and Targe in the
static test. The elastic moduli of the four as-received zirconia materials
evaluated agreed to within 3%.

Note that the room-temperature elastic moduli did not change appreciably
after 1000 hr/1000°C exposure. The NGK Y-TZP modulus was the same before and
after exposure. This was expected since the strength, microstructure, and

| phase assemblage were not affected either, Nilsen and Feldmuhle Mg-PSZ mate-
rials were shown above to be appreciably overaged and decomposed/destabilized
after the 1000 hr/1000°C exposure, and their strength, phase assemblage, and
microstructure significantly degraded. Table 7 illustrates, however, that the
elastic modulus of these Mg-PSZ materials changed by only 2 to 3%, at most,
after the 1000 hr/1000°C exposure.
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TABLE 7. ~ROOM TEMPERATURE ELASTIC MODULUS OF ZIRCONIA

Young's Elastic Modulus, 106 psi
After 1000 hr/

As-Received 1000°C Exposure
Material Relaxed? Dynamicb Relaxed? Dynamicb
NGK Z-191 Y-TZP 27.4 28.9 27.5 28.9
Nilsen MS Mg-PSZ 27.2 29.3 27.1 30.2
Feldmuhle ZN-40 Mg-PSZ 28.0 29.8 27.2 29.2
Coors Mg-PSZ 28.0 29.5 18.3-27.0 --

aDete}‘m'ined with resistance strain gages during flexural strength test.
bFlexural resonant frequency method.

The Coors Mg-PSZ, however, was more severely affected. It was shown
previously that this material exhibited an average strength decrease of 70%
due to the exposure (Figure 17 and Table 6). Table 7 shows the range of room-
temperature elastic moduli obtained for Coors Mg-PSZ after exposure. Appendix
Table A20 illustrates that the strength degradation was not as uniform as for
the other materials. Roughly half the exposed Coors samples tested exhibited
a 64% strength decrease, and a 6% elastic modulus decrease. The other half
were more severely affected, showing strength and elastic modulus degradation
of 80% and 33%, respectively. Note that X-ray results (Table 3d) illustrated
that the Coors material degraded the most also (with respect to phase
content). After exposure the phase composition was 80% monoclinic. It is
surmised that the Coors Mg-PSZ is more microcracked than the other Mg-PSZ
materials. The behavior of the Nilsen material illustrated that elastic
modulus is rather insensitive to overaging phenomena. The 33% decrease in
elastic modulus for the overaged Coors Mg-PSZ then could only be explained by
much more extensive microcracking which accompanied the transformation to
monoclinic. This would also explain the larger strength decrease for the
exposed Coors material. Also, note in Table 8 that significant amplitude-
frequency peak broadening precluded accurate dynamic elastic modulus measure-
ment for the exposed Coors Mg-PSZ. Extensive microcracking would explain this
also.
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TABLE 8. DYNAMIC ELASTIC MODULUS OF ZIRCONIA

Dynamic Young's Modulus,® 10° psi
Sampge After 1000 hr/1000°C
No. As-Received Static Exposure

A. Nilsen MS Mg-PSZ

1 29.2 30.3
2 29.2 30.0
3 29.1 30.3
4 29.4 30.0
5 29.4 30.2
Avg 29.3 Avg 30.2
B. Nilsen TS Mg-PSZ
1 29,2 29.6
2 29.2 29.2
3 28.9 31.0
4 29.3 29.8
5 28.7 29.9
Avg 29.1 Avg 29.9
C. Feldmuhle ZN-40 Mg-PSZ
1 29.2 29,6
2 29.9 29.6
3 30.0 29.2
4 29.9 28.0
5 - 29.6
Avg 29.8 Avg 29.2
D. Coors Mg-PSZ
1 29.3 c
2 29.7 c
3 29.8 c
4 29.5 c
5 29.4 c
Avg 29.5
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TABLE 8. (cont.)

Dynamic Young's Modulus,? 10° psi
Sampge After 1000 hr/1000°C
No. As-Received Static Exposure

E. NGK Z-191 Y-TZP

1 28.7 28.9
2 28.9 28.9
3 28.9 29.1
4 29.0 28.9
5 28.8 28.9

Avg 28.9 Avg 28.9

etermined at 25°C by flexural resonant fre-
quency method.

bNote that as-received, as—-exposed data were
obtained on five different sample sets from
each material lot.

Cpynamic amplitude-frequency peak broadened
too greatly to permit measurement of
resonant frequency from which to compute the
dynamic modulus. However, static measurements
(i.e., bend test) indicate the elastic modu-
lus decreased substantially. Values ranged
from 17-27 x 10° psi.
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5.2 ELEVATED TEMPERATURE ELASTIC MODULUS

Elevated temperature elastic modulus measurements were conveniently made
using the dynamic flexural resonant frequency method. The technique involved
suspending a rectangular bar sample (0.090 x 0.25 x 2.500 in.) in a furnace,
and measuring the flexural resonant frequency as the furnace temperature was
increased. The use of flame de-sized Nippon Carbon Nicalon® SiC yarn to sus-
pend the sample as well as to transmit input and output mechanical vibrations
made this extremely amenable to high temperature measurement. The amorphous
SiC yarn can readily be used in air atmosphere (a distinct advantage over
previously used graphite yarn) and is easily coupled to test samples yielding
a minimum of system resonances (often a problem with previously used platinum-
rhodium wire).

The measured dynamic elastic modulus as a function of temperature to
1000°C for each of the four ZrO2 materials is presented in Figure 49-52. The
individual data points are given, illustrating specific regions of the thermal
cycle (i.e., upon heating or cooling, replicate runs, etc.). In general, the
elastic modulus of zirconia decreased from a value of approximately 29.5 x 106
psi at 25°C, to values around 23 x 106 psi at 1000°C. Note in Figure 49 the
excellent agreement with literature datal?2 for Y-PSZ. Figure 53 presents the
modulus-temperature relation for each of the zirconia materials investigated.
Note that the three Mg-stabilized materials exhibit similar behavior. The
slightly lower elastic modulus for the NGK Y-stabilized material is most
probably explained by the significant silica-rich intergranular regions in
this material, the elastic modulus of silica being about a third of that for
zirconia (refer to spectrographic analysis results presented in Table 4).

For the most mature Mg- and Y-PSZ materials (i.e., Nilsen and NGK), the
elevated temperature dynamic elastic modulus was measured after 1000 hr/1000°C
exposure. The results are presented in Figures 54 and 55. As previously
stated, the extended exposure has little effect on elastic modulus (a 2-3%
effect at most). Any decreases in modulus could be attributed to increased
microcracking and increased monoclinic content (lower density) upon overaging/
destabilization. Any increases in modulus could conceivably be caused by
crystallization of a glass phase, for instance. The apparent minimum in the
Mg-PSZ curve shown in Figure 55 is not explainable. It is not known whether
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or not this minimum is reproducible. Note that the exposed and unexposed
modulus-temperature curves in Figures 54 and 55 was obtained on different
samples for each material (i.e., the same sample was not measured over the
25°-1000°C range both before and after exposure).

5.3 STRESS-STRAIN BEHAVIOR

It is extremely informative to observe the stress-strain behavior of
these transformation-toughened zirconia materials. This was measured during
fast-fracture flexure testing from 25° to 1000°C, and is provided for each
zirconia in Figures 56-59, Feldmuhle ZN-40 Mg-PSZ, Coors Mg-PSZ, and NGK
Z-191 Y-TZP materials all exhibited linear stress-strain behavior at all
temperatures from 25° to 1000°C. This illustrates the absence of glassy grain
boundary phases in these materials. This is significant for the NGK material,
since it has ~1% intergranular silica phase, which is detrimental from a creep
resistance standpoint (to be discussed in Section 8).

Nilsen MS Mg-PSZ, however, exhibited nonlinear stress-strain behavior at
25°C, and linear stress-strain behavior at all elevated temperatures (Figure
57). This is interesting, and is related to the particular condition of the
tetragonal phase, and how close to transformation the precipitates are. For
instance, for the Nilsen material (Figure 57) the strength and toughness at
the elevated temperatures (>500°C) are reduced enough that the high stress
levels required for transformation are not attained. Therefore, the elevated
temperature stress-strain curves remain linear.

After 1000 hr/1000°C exposure, Figures 60-63 compare the residual ambient
temperature stress-strain curves. Note in Figure 60 that for NGK Z-191 TZP,
these curves are almost superimposed. This is consistent with the superior
stability of this material as previously discussed. Note in Figure 63 that
the Coors material exhibits a nonlinear stress-strain curve after the 1000
hr/1000°C exposure. This is consistent with the mounting evidence of exten-
sive microcracking in this material after exposure.

The failure strains for each material as a function of test temperature
are provided in Figure 64. The materials with the highest strength, i.e., NGK
Z-191 Y-TZP and Nilsen MS Mg-PSZ, have the highest failure strains. The
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decrease in failure strain with temperature exhibited by all materials follows
the strength reduction as a function of temperature.

The mechanical properties (strength, failure strain, and elastic modulus)
for all zirconia materials evaluated, both as-received and after 1000 hr/
1000°C exposure, are summarized in Table 9. The elastic modulus generally
decreases from ~29.5 x 106 psi at 25°C to nominally 23 x 106 psi at 1000°C.
After 1000 hr/1000°C thermal exposure, the dynamic elastic modulus only
changed ~2-4% for both Y-TZP and Mg-PSZ (Nilsen) materials. The elastic modu-
lus is a property related to interatomic bonding and is a function of tempera-
ture only; it is not affected by the relative amounts of cubic, tetragonal,
and monoclinic phases in the structure. This holds true unless very signifi-
cant microcracking accompanies the phase changes during exposure. The develop-
mental Coors material was found to exhibit as much as a 30% modulus decrease
due to this effect.
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6. FRACTURE TOUGHNESS

Fracture toughness values, K., were determined using a modified
indentation-strength method. The objective was to observe the relative change
in toughness of each material as a function of temperature and long-term
static air exposure (1000 hr/1000°C).

The indentation-strength method of Chantikul et al.13 was chosen for this
work, where strength is related to material toughness by the equation:

Ko = ne (E/H)HE (o p1/3)3

where: ”5 is a dimensionless constant
E/H 1is the ratio of elastic modulus to hardness, GPa/GPa
is the indentation flexure strength, MPa
P is the indentation contact load, MN

Initial measurements were necessary to determine the proper indentation load,
P, to be used for both fine grain Y-TZP and coarse grain Mg-PSZ materials. To
determine the proper indentation load, samples having indentation loads of §
to 20 kgf (4.9 x 1075 to 1.96 x 107% MN) were tested in 4-point flexure at
ambient temperature and at 1000°C. It was found that some Coors and Feldmuhle
Mg-PSZ samples failed at natural flaws instead of at the 1ndentations, thereby
invalidating them for the toughness measurement. It was therefore decided to
test the materials in the 3-point configuration in order to assure failure at
the indentation. An indentation load of 20 kgf (1.96 x 1074 MN) was chosen as
the one which would assure a controlled flaw large enough (relative to grain
size and natural flaws) to be the fracture origin.

Indentations were made using a Vicker's Hardness test machine. They were
made at room temperature, in ~40% relative humidity, just prior to flexure
testing. The indentation load duration was 15 sec. The indentation axes were
oriented parallel to the sample length and width. The samples were not post-
indentation annealed, nor was any 0il placed on the indentations, since at
elevated temperature those treatments would be ineffectual. Table 10

Pactﬂ_lnrﬁnimam BLA: - |
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TABLE 10. PARAMETERS FOR K. CALCULATION

Samples
o 1/4 x 1/8 x 2 1/4 in. flexure bars

®© As-received, as-machined surfaces

Avg. Surface

Finish,
Microinches
Material (RMS)
Coors 3% Mg0-PSZ 32
Feldmuhle ZN-40 Mg-PSZ 52
Nilsen MS-grade Mg-PSZ 11
NGK Z-191 Y-TZP 15

Controlled Flaw
o One Vicker's indentation at center of tensile surface
o Indentation load = 20 kgf = 196 N
o No post-indentation anneal
]

Indentations not covered with immersion oil

Flexure Testing

e 3-point configuration
Lower span 1.75 in.

A1l testing in air
Relative humidity = 35-45%
One break per sample

@ @ 9@ © 9

Fracture surfaces of all samples examined
for valid failure

® Crosshead deformation rate = 0.02 ipm

K. Calculation

o Kk =nt (/M8 (50134 12

ns = {,59 assumed
o E/H considered equal to 20 for all test conditions

o Fracture surfaces of all samp]eé examined for
valid failure
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summarizes the test and calculation parameters. Table 11 indicates mean
values of indentation diagonals, a. For Mg-stabilized materials, the value is
approximately twice the average cubic grain size. For the NGK Y-TZP, this
value is that of a flaw approximately an order of magnitude larger than the
average grain size. In general, the post-exposure room temperature average
value of this parameter (a) fell within one standard deviation of the average
unexposed value of a.

The material toughness was calculated according to the equation above.
Two assumptions were made in order to perform the calculations. First, the
constant “5 was assumed to be 0.59, based upon the reference work13»14 and
work done by Schioler.15s16 Second, the ratio of elastic modulus to hardness
was assumed constant over the range of temperature and exposures.
Schiolerl5216 found the maximum error to be +5% when the specific ratio for
each material was used and compared to the assumed E/H value of 20.* lawn'sl?
comment on the choice of 20 for E/H was that variations of 10 < E/H < 50 adds
no more than t10% error in K. measurement. This is true primarily because E/H
is raised to a small power (1/8) in the equation to determine K..

TABLE 11. AVERAGE VICKER'S INDENTATION SIZE
FOR INDENTATIONS MADE AT ROOM TEMPERATURE
(Load' = 20 kgf = 196 N)

Indentation Diagonal (a), Uma

Material Unexposed 1000 hr/1000°C
NGK Z-191 Y-TZP 101.0 (7.2) 104.8 (2.2)
Coors Mg-PSZ 130.6 (15.0) 157°
Nilsen MS Mg-PSZ 127.4 (10.6) 136.0 (4.8)
Feldmuhle ZN-40 115.8 (16.5) 103.3 (8.4)
Mg-PSZ

qNumbers in parentheses represent the standard deviation,
in micrometers.

bone sample only.

*For unexposed material at room temperature, E/H values ranged from 16.6 for
Nilsen MS-grade Mg-PSZ, 17.5 for NGK Z-191 Y-PSZ, 21.6 for Nilsen TS-grade
Mg-PSZ, 22.1 for Coors Mg-PSZ, and 23.1 for Feldmuhle ZN-40 Mg-PSZ.
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Tabular results of fracture toughness as a function of temperature and
exposure (for 1000 hr/1000°C) are presented in Tables 12a through 12e. The
information is plotted as both indented strength and toughness versus tempera-
ture in Figures 65 and 66. An overall summary is provided in Table 13. It is
observed that the room-temperature fracture toughness of the three as-received
Mg-PSZ materials agreed within 8%, with an average of 10.6 MPa'ml/Z. The TZP
material, NGK Z-191, exhibited a toughness approximately 25% iower than the
Mg-PSZ materials, i.e., 7.9 MPa*ml/ 2. This illustrates a basic difference in
the microstructures of Mg- and Y-PSZ materials, with regard to the state of
the metastable tetragonal phase and the operable toughening mechanisms.

At 1000°C, the fracture toughness was more than 50% lower than the room
temperature toughness. The toughness degradation as a function of temperature
almost exactly paralleled fast fracture strength reduction (fracture toughness
decrease of 63% for Coors, 54% for Feldmuhle, 54% for Nilsen, and 70% for NGK
7-191). Therefore, for both strength and toughness over the 25°-1000°C tem-
perature range, there is a 50-65% decrease for Mg-PSZ., Over the same tempera-
ture range, the NGK TZP material exhibits a 70% decrease in both strength and
fracture toughness. The tetragonal particles that comprise TZP exhibit more
sensitivity to temperature than do the constrained tetragonal precipitates in
Mg-PSZ. With regard to ambient temperature strength, there is a large benefit
to 1ow temperature strength resulting from the fine grain size of TZP. Note
that the room temperature strength of NGK Z-191 is 40% higher than the strong-
est Mg-PSZ (Nilsen), and yet its fracture toughness is 30% lower. Note also
that whereas the strength reduction with temperature was linear for both Mg-
and Y-PSZ, the toughness-temperature relation was not linear. This may be due
to the influence of the modulus-temperature relation, and possibly residual
stress effects in indented samples as the temperature is raised.

After 1000 hr/1000°C exposure, the trend for fracture toughness reduction
was about the same or slightly less pronounced than for the strength reduc-
tion. Table 13 illustrates that, consistent with its microstructural and
phase stability, NGK Z-191 exhibited only a 6% reduction in toughness after
the 1000 hr/1000°C exposure. This agrees precisely with its related strength
reduction (only 7%). Likewise, Nilsen and Feldmuhle Mg-PSZ materials exhib-
ited about the same level of toughness decrease (i.e., 46% and 34%, respec-
tively) as they had for strength decrease after the exposure (i.e., 57% and

118



TABLE 12a.

FRACTURE TOUGHNESS OF UNEXPOSED ZIRCONIA MATERIALS

DETERMINED BY THE INDENTATION-STRENGTH METHOD
AT ROOM TEMPERATURE (P = 196 N)

Sample

CB1F40
CB1F41
CB1F42
CB1F43
CB1F44
Mean

KF1F40
KF1F41
KF1F42
KF1F43
KF1F44
Mean

NV1F40
NV1F41
NV1F42
NV1F43
NVIF44
Mean

NG1F42
NG1F43
NG1F44
NG1F45
NG1F46
Mean

Indented 3-Point
Flexure Strength

psi MPa K., MPa - ml/ 2
Coors Mg-PSZ
71,120 490.5 Fracture not at indentation
67,290 464,1 10.2
42,140 290.6 Fracture not at indentation
66,670 459.8 10.1
75,590 521.3 11.1
69,850 481.7 10.4
Feldmuhle ZN-40 Mg-PSZ
68,140 470.0 10.3
60,780 419.1 9.4
63,570 438.4 9.7
64,700 446,2 9.9
61,840 426.5 9.5
63,810 440.1 9.8
Nilsen MS Mg-PSZ
76,790 529.5 11.2
81,470 561.8 11.7
81,720 563.6 11.7
81,570 562.5 11.7
78,940 544.,4 11.4
80,100 552.4 11.6
NGK Z-191 Y-TZP.
45,940 316.8 7.6
50,120 345.6 8.1
45,940 316.8 7.6
49,880 344.0 8.1
47,910 330.4 7.9
47,950 330.7 7.9
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TABLE 12b.

FRACTURE TOUGHNESS OF UNEXPOSED ZIRCONIA MATERIALS
DETERMINED BY THE INDENTATION-STRENGTH METHOD
AT 500°C (P = 196 N)

Sample

CB1F45
CB1F46
CB1F47
CB1F48

CB1F49

Mean

KF1F45
KF1Fa46
KF1F47
KF1F48

KF1F49

Mean

NV1F45
NV1F46
NViF47
NV1F48
NV1F49
Mean

NG1F47
NG1F48

NG1F49

Mean

Indented 3-Point
Flexure Strength

psi

30,730
41,740
40,460
37,870

34,610

35,920

MPa

K., Mpam1/ 2

Coors Mg-PSZ

35,200
35,340
39,350
35,460

32,880

35,650

61,480
64,210
59,220
57,230

64,870

61,400

36,160
39,240

35,040

36,820

212.0 5.6
287.8 Fracture not at indentation
279.0 6.9
261,2 6.6
238.7 6.2
247.7 6.3
Feldmuhle ZN-40 Mg-PSZ
242.8 6.2
243,7 6.3
271.4 6.8
244.6 6.3
226.8 5.9
245.8 6.3
Nilsen MS Mg-PSZ
424.0 9.5
442.8 9.8
408.4 9.2
394.,7 9.0
447,.3 9.9
423,5 9.5
NGK Z-191 Y-TZP.
249.4 6.4
270.6 6.8
241.7 6.2
253.9 6.5
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TABLE 12c. FRACTURE TOUGHNESS OF UNEXPOSED ZIRCONIA MATERIALS
DETERMINED BY THE INDENTATION-STRENGTH METHOD
AT 750°C (P = 196 N)

Indented 3-Point
Flexure Strength

Sample psi MPa thwwmﬂz
Coors Mg-PSZ

CB1F50 20,700 142.8 4.2
CB1F51 19,790 136.5 4.1
CB1F52 25,150 173.4 4.9
CB1F53 23,320 160.8 4.6
CBLF54 20,300 139.9 4.1
Mean 21,850 150.0 4.4

Feldmuhle ZN-40 Mg-PSZ

KF1F50 18,970 130.8 3.9
KF1F51 24,620 169.8 4.8
KF1F52 22,520 155.3 4.5
KF1F53 17,660 121.8 3.7
KF1F 54 18,190 125.4 3.8
Mean 20,390 140.6 4,1

Nilsen MS Mg-PSZ

NV1F50 22,930 158.1 4.5
NV1F51 27,730 191.3 5.2
NV1F52 22,610 155.9 4.5
NVIF53 28,210 194.6 5.3
NV1F54 26,420 182.2 5.0
Mean 25,580 176.4 4.9

NGK Z-191 Y-TZP-

NG1F50 8930 61.6 2.2
NG1F51 8930 1.6 ' 2.2
Mean 8930 61.6 2.2
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TABLE 12d. FRACTURE TOUGHNESS OF UNEXPOSED ZIRCONIA MATERIALS
DETERMINED BY THE INDENTATION-STRENGTH METHOD
AT 1000°C (P = 196 N)

Indented 3-Point
Flexure Strength

Sample psi MPa Kes MPa°m1/ 2

Coors Mg-PSZ

CB1F55 21,580 148.8 4.3
CB1F56 17,410 120.1 3.7
CB1F57 10,670 73.6 Fracture not at indentation
CB1F58 17,940 123.7 3.8
CB1F59 19,020 131.2 Fracture not at indentation
Mean (3) 18,970 130.9 3.9

Feldmuhle ZN-40 Mg-PSZ

KF1F55 11,170 77.1 Fracture not at indentation
KF1F56 20,130 138.8 4.1
KF1Fb57 6,430 44 .4 Fracture not at indentation
KF1F58 25,830 178.2 5.0
KF1F59 10,630 73.3 Fracture not at indentation
Mean (2) 22,980 158.5 4.5

Nilsen MS Mg-PSZ

NV1F55 33,620 231.9 6.0
NV1F56 31,680 218.4 5.8
NVIF57 20,250 139.6 4.1
NV1F58 22,980 158.5 4.5
NV1F59 31,740 218.9 5.8
Mean 28,050 193.5 5.3

NGK Z-191 Y-TZP.

NG1F52 10,580 73.0 2.5
NG1F53 10,190 70.2 2.5
NG1F54 10,580 73.0 2.5
NG1F55 8,800 60.7 2.2
NG1F56 9,460 65.2 2.3
Mean 9,920 68.4 2.4
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TABLE 12e. FRACTURE TOUGHNESS OF ZIRCONIA MATERIALS EXPOSED
1000 hr/1000°C IN STATIC AIR DETERMINED BY THE INDENTATION-
STRENGTH METHOD AT ROOM TEMPERATURE (P = 196 N)

Indented 3-Point
Flexure Strength

Sample psi MPa K., MPa-ml/2

Coors Mg-PSZ

CB1F38 Sample failed while being indented

CB1F39 28,320 195.7 Fracture not at indentation
CB1F60 40,260 277.8 Fracture not at indentation
CB1F61 41,530 286.4 7.1

Mean 36,700 253.3 7.1

Feldmuhle ZN-40 Mg-PSZ

KF1F60 38,010 262.1 6.6
KF1F6l 32,730 225.7 5.9
KF1F62 Sample failed while being indented
KF1F63 40,840 281.7 7.0
Mean 37,190 256.5 6.5

Nilsen MS Mg-PSZ

NV1F60 36,530 251.9 6.4
NV1F61 34,050 234.8 6.1
NV1F62 35,260 243.2 6.3
NVIF63 37,100 255.8 6.5
Mean 35,730 246.4 6.3

NGK Z-191 Y-TZP

NG1F57 43,310 298.7 7.3
NG1F58 43,120 297.4 7.3
NG1F59 43,970 303.2 7.4
NGLF60 43,730 301.6 7.4
NG1F 61 45,080 310.9 7.5
Mean 43,840 302.4 ' | 7.4
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Figure 65. Three-point flexure strength of controlled flaw

zirconia materials (Vickers indentation P = 196N).
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Figure 66. Fracture toughness of zirconia materials determined
by the indentation-strength method at various temperatures

(Vickers indentation P = 196N).
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TABLE 13. SUMMARY OF FRACTURE TOUGHNESS® RESULTS

Fracture Toughness: K., MPa ml/ 2
At 25°C, After

. As-Received 1000 hr/1080°C
Material 25°C 500°C  750°C 1000°C Exposure
NGK Z-191 Y-TZP 7.9 6.5 2.2 2.4 7.4 (-6%)
Nilsen MS Mg-PSZ 11.6 9.5 4.9 5.3 6.3 (-46%)
Feldmuhle ZN-40 Mg-PSZ 9.8 6.3 4.1 4.5 6.5 (-34%)
Coors Mg-PSZ 10.4 6.3 4.4 3.9 7.1 (-32%)

dIndentation-strength method.

Bnumbers in parentheses indicate change from the as-received condition.

30%, respectively). Interestingly, the Coors Mg-PSZ only exhibited a 32%
toughness degradation after the 1000 hr/1000°C exposure, but had previously
been shown to yield as much as an 80% strength reduction and a 30% elastic
modulus decrease. Previous discussion showed that extensive microcracking,
following conversion of 80% of the microstructure to the monoclinic phase in
the Coors Mg-PSZ, would explain the large residual strength and elastic modu-
lus decrease. Likewise, a significant network of microcracks could add resis-
tance to crack propagation, and serve to reduce the amount of toughness degra-
dation following the 1000 hr/1000°C exposure. This might explain the better
than expected post-exposure toughness for the Coors material.

In general, fracture toughness in transformation-toughened zirconia is
strongly dependent on temperature for the same reasons that strength is.
Yttria-doped TZP materials exhibit lower toughness values, and may be a bit
more temperature sensitive, but they are much more stable with respect to
‘long-term overaging and other phaée change effects (e.g., destabilization/
decomposition) than are Mg-PSZ materials.
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7. THERMAL EXPANSION

Thermal expansion is the most important material property, along with
elastic modulus, for design calculations from a thermal stress (as opposed to
a structural loading) standpoint. This is especially true for zirconia since
its low thermal diffusivity and conductivity can result in large temperature
gradients. Thermal expansion was measured using an automatic recording single
pushrod dilatometer (Netzsch) over the range 25°-1000°C, ‘

Thermal expansion in transformation-toughened zirconia is not great]y
affected by the choice of stabilizer used--both Mg-PSZ and Y-TZP have basic-
ally similar coefficients of thermal expansion, with some minor variations.
This is observed for the results of as-received materials, which are presented
in Table 14, where the percent linear expansion is tabulated for 500°, 750°,

TABLE 14. THERMAL EXPANSION OF ZIRCONIA (AS-RECEIVED CONDITION)?

Mean Coefficient of
Thermal Expansion

Percent Linear Expansion (20°-1000°C),
Material 500°C 750°C 1000°C 107%/°C
Nilsen MS Mg-PSZ 0.425 10.690 0.965 9.85
0.450 0.705 0.975 9.95
NGK z-191 Y-TZP 0.480 - 0.760 1.050 10.71
0.475 0.750 1.035 10.56
Feldmuhle ZN-40 Mg-PSZ 0,465 0.730 1.030 10,51
0.470 0.740 1.045 10.66
Coors Mg-PSZ 0.465 0.740 1.045 10.66
0.465 0.685 0.965 9.85
Nilsen TS Mg-PSZb 0.404 0.575 0.817 8.34

3ata for two samples each material; heating rate: 1°C_min~! for 20°-200°c,
and 5°C min~! for 200°-1000°C; cooling rate: ~5°C min~!. Data for heating
cycle.

bNote only one sample replicate; material was included in program only to
assess thermal shock behavior,

127



and 1000°C. Additionally, the mean coefficient of thermal expansion over the
range 20°-1000°C was computed, and is provided in the table. Representative
graphical results are provided in Figures 67-71, where the percent linear
expansion is plotted continuously as a function of temperature for both heat-
ing and cooling cycles.

It is observed in Table 14 for the as-received zirconia materials from
Nilsen, NGK, and Feldmuhle, the variation in thermal expansion between the two
replicate samples was only 1-2%. The Coors material, however, exhibited an 8%
variation between two samples. This correlates with the larger strength and
modulus variations for the Coors Mg-PSZ. Figure 71 illustrates an indication
of the presence of the monoclinic phase in the as-received Coors material--
note the discontinuity in the heating cycle curve at roughly the AS tempera-
ture (monoclinic to tetragonal phase transformation upon heating). The X-ray
diffraction analyses provided in Table 3 showed that the Coors material has
acceptably low monoclinic phase, however, The present thermal expansion
results would then indicate the possibility of a large sample-to-sample varia-
tion in monoclinic content for the developmental Coors material. The lower
coefficient of expansion for the second replicate sample and the discontinuity
in the expansion temperature curve would tend to be the influence of a higher
than normal monoclinic content. Note also that this Coors sample exhibited a
permanent +0.025% length increase as indicated by post-test micrometer mea-
surement. All other samples and materials exhibited stable expansion behavior
from 20°-1000°C, with no permanent dimension changes. Therefore, the 8%
variability in expansion for as-received Coors Mg-PSZ is thought to be caused
by a higher than usual monoclinic content.

It is noted in Table 14 that the as-received Nilsen MS-grade Mg-PSZ is
consistently 7% lower in expansion than that of the other materials--even the
yttria-doped TZP material (NGK Z-191). The expansion of Nilsen MS is exactly
the same as the Coors sample suspected of having higher monoclinic content.
The XRD results presented in Table 3 indicates as-received Nilsen MS Mg-PSZ
indeed does have higher monoclinic content than the other materials (~9% mono-
clinic for Nilsen vs. 4% for the other Mg-PSZ, and ~1% for TZP). The other
grade of Nilsen material, TS, has ~16% lower expansion yet. That material
exhibits improved thermal shock properties (to be discussed in Section 9).

The reason for the lower expansion and better thermal shock resistance for the
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Figure 68. Thermal expansion of NGK Z-191 Y-TZP kefore and
after 1000 hr/1000°C thermal exposure.
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Figure 69. Thermal expansion of Nilsen MS Mg-PSZ. before .

and after 1000 hr/1000°C thermal exposure.
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before and after 1000°C/1000 hr thermal exposure.
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TS material is thought to be its higher content of monoclinic zirconia. The
clue to this is shown in the heating rate expansion curve presented in Figure
67. The inflection at ~550°C indicates a monoclinic-to-tetragonal phase
change. It occurs upon heating as the monoclinic phase was there initially.
Therefore, Nilsen materials have lower thermal expansion than the other mate-
rials due to slightly higher monoclinic content. This is especially true for
TS-grade. XRD analysis confirms this interpretation. Nilsen TS Mg-PSZ is
nominally 56% cubic, 24% tetragonal, and 20% monoclinic. Ms-grade material is
57% cubic, 37% tetragonal, and 5% monoclinic. Therefore, for TS-grade mate-
rial, the cubic content is the same as an MS-PSZ, but the monoclinic content
is increased at the expense of tetragonal. Thus, reduced strength and toughn-
ess for Nilsen TS Mg-PSZ would be expected.

Thermal expansion tests were aiso conducted on the four zirconia mate-
rials after 1000 hr/1000°C thermal expdsure. Representative results are
provided in Figures 68-71, where the as-received expansion curve is shown for
reference. The data are summarized in tabular form in Table 15.

TABLE 15. THERMAL EXPANSION OF ZIRCONIA AFTER 1000 HR/1000°C
STATIC THERMAL EXPOSURE®

Mean Coefficient of
Thermal Expansion

Percent Linear Expansion (20°~1000°C),
Material 500°C 750°C 1000°C 107%/°C

Nilsen MS Mg-PSZ -- - 0.548 5.59
-- - 0.562 5.73

NGK Z-191 Y-TZP 0.486 0.757 1,051 10.72
0.478 0.750 1.046 10.67

Feldmuhle ZN-40 Mg-PSZ  -- - 0.454 4,63
- - 0.433 4.42

Coors Mg-PSZ - -- 0.335 3.42
- - 0.348 3.55

pata for th samples each material; heating rate: l"(:_min‘1 for 20°-200°C,
and 5°C min~ ! for 200°-1000°C; cooling rate: ~5°C min 1, Data for heating
cycle.
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The thermal expansion results for exposed and as-received NGK Z-191 Y-TZP
are remarkably identical. The expansion-temperature curves presented in
Figure 68 illustrate that data for the two conditions virtually overlap. No
evidence of the monoclinic phase is evident in the expansion behavior. The
originally tetragonal structure did not transform. This high degree of sta-
bility for the TZP material correlates with the strength and toughness reten-
tion after exposure and the maintenance of the original phase assemblage and
microstructure. TZP is very stable for long-term elevated temperature use.

By contrast, the thermal expansion results for all of the Mg-PSZ mate-
rials illustrate clear evidence for a major tetragonal-to-monoclinic phase
transformation during the 1000 hr/1000°C thermal exposure. Representative
results for all three Mg-PSZ materials in the as-received and exposed condi-
tions are shown in Figures 69-71., This overaging effect seen in the expansion
data agrees with previous X-ray and microstructural evidence of major phase
transformation to monoclinic and certainly explains the strength and toughness
degradation due to overaging. Note that, in general, the degree of thermal
expansion hysteresis for the overaged Mg-PSZ materials correlates with the
quantitative XRD determination of the monoclinic content.

The indicated stability in Y-TZP and lack of stability in Mg-PSZ thermal
expansion behavior is entirely consistent with the strength, XRD, and micro-
structural evidence for these materials discussed above. Thermal expansion is
an extremely sensitive indicator of any monoclinic phase present in the struc-
ture.
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8. CREEP

Creep rates were measured in 4-point bending at 1000°C in laboratory
air. The stepwise method was used, with deformation continuously recorded
using the 3-point electromechanical deflectometer previously described. A
view of the SiC fixturing is provided in Figure 72. Samples were tested at
various incremental stress levels, with enough time spent at any given level
to obtain an approximately constant creep rate. Deadweight loading was em-
ployed. Testing continued for 3-4 stress steps per sample. Testing of ap-
proximately three samples in this manner permitted the steady-state stress
dependence of the creep rate to be assessed for each material studied.

The results are presented yraphically as the creep strain rate vs. ap-
plied stress. The results for NGK Z-191 Y-TZP shown in Figure 73 illustrate
that identical behavior was obtained for as-received samples and those pre-
viously exposed for 1000 hr at 1000°C. This result correlates with the pre-
viously presented strength, thermal expansion, and microstructural ‘evidence
that the phase assemblage and microstructure of this Y-TZP are extremely
stable during extended thermal exposure.

Creep results for the Mg-PSZ materials are presented in Figures 74-76.
Little or no differences were observed in the creep behavior of as-received
and overaged materials. Note that this is in contrast to the previously
observed phase assemblage, strength, thermal expansion, fracture toughness,
and microstructural changes {degradation) caused by overaging in Mg-PSZ. This
implies that the mechanism of creep in zirconia is independent of the phase
assemblage. Potential mechanisms of plastic deformation in ceramics include
dislocation slip, deformation twinning, diffusional transport, grain boundary
sliding, and microcrack nucleation (cavitation). The stress exponent (n ~1)
observed for these materials suggests a diffusional mechanism.,

The creep results for the four materials are compared directly in Figure
77. Note that results for the three Mg-PSZ materials are in relatively close
agreement. Creep rates for the Y203-stab1112ed NGK Z-191 material are mare
than an order of magnitude higher than for the Mg-PSZ materials. Note that
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the stress exponent is slightly higher also (n = 1.3, as shown in Figure 73).
The reason for the higher creep rate for the NGK Z-191 material is potentially
twofold: (a) it has a finer grain structure (refer to previously presented
reflected 1ight microscopy) and more grain boundary volume, and (b) it has
high Si impurity (refer to the spectrographic cation impurity analysis shown
in Table 4), implying a SiOz-rich glass phase in intergranular regions. These
two aspects of Y-TZP lead to low resistance to deformation at elevated tem-
perature. The relatively large amount of intergranular glass phase leads to
enhanced grain boundary diffusion as well as the possibility for activation of
the additional deformation mechanism of grain boundary sliding. Note, how-
ever, that the fast-fracture stress-strain curve for NGK Z-191 (Figure 56) at
1000°C was linear. This tends to rule out grain boundary sliding as an oper-
able mechanism. The fact that this is a long-time effect implies intergranu-
lar diffusion.

To summarize, Y-TZP is fine grain and has a significant silica-rich
intergranular phase. Either one or both of these aspects of TZP result in
much higher creep rates as compared to Mg-PSZ. There is evidence for a dif-
fusional mechanism in these materials. Little or no differences were observed
in the creep behavior of as-received and overaged Mg-PSZ (1000 hr/1000°C
exposed) materials., This implies that the mechanism of creep in zirconia is
independent of the phase assemblage.

144



9. INTERNAL FRICTION

Internal friction is an informative measurement to make on
transformation-toughened zirconia. Zener!8 and othersl9 21 have provided ex-
cellent reviews of internal friction. Hookean elastic theory implies a direct
and instantaneous linear relation between low level force application and
resultant deformation. However, as the rate of loading and unloading is
increased, a phase lag between stress and strain appears with accompanying
absorption of energy. This time-dependent elastic behavior is termed
anelasticity. Internal friction may be defined as the amount of energy ab-
sorbed during deformation compared to the maximum amount of energy applied
initially. ‘As the number and extent of flaws in a body increases, the amount
of energy absorbed through flaw surface friction, plastic zone dislocation
motion, etc., also increases. Thus, the internal friction is an integrated
effect, the measurement of the total flaw spectrum in a material. It is a
particulariy interesting measurement for transformation-toughened zirconia,
since it is potentially sensitive to detecting instabilities relating to the
tetragonal-to-monoclinic phase transformation,

Test samples were suspended from piezoelectric drive and pickup trans-
ducers as for dynamic elastic modulus measurement. The frequency range just
adjacent (above and below) the fundamental resonant frequency was scanned with
a Hewlett-Packard spectrum ana1yzer.* The Zener bandwidthl8 method involves
computing the internal friction, Q71, from the measured peak width at half
maximum amplitude:

-1 Af
R
where Q71 = internal friction
f = resonant frequency
Af = peak width at half amplitude

*Model No. 3580A.
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The concept is illustrated in Figure 78. This method is useful for mea-
suring the range of internal friction normally found in ceramic materials
(1072 to 1076), As with the dynamic elastic modulus measurement, the use of
Nicalon SiC fibers to suspend the sample from points just adjacent to the
flexural nodal points permitted a relatively convenient way of supporting the
sample in the furnace for elevated temperature measurement.

The room-temperature resonant frequency, peak width, and computed inter-
nal friction for five zirconia materials in the as-received (i.e., unexposed)
condition are presented in Table 16. Values for the four coarse-grained Mg-
PSZ materials (i.e., Nilsen, Feldmuhle, and Coors) are similar, while the
fine-grained material from NGK has slightly higher internal friction. This is
presumably due to the greater number of surfaces/interfaces in the fine grain
microstructure of the TZP material.

Figure 79 illustrates the internal friction for NGK Z-191 Y-TZP from 25°
to 950°C. Note the pronounced internal friction peak at 200°C. This is pre-
cisely the same behavior shown by Shimada et al.l2 for a similar Y-PSZ, as
shown in Figure 80. Wachtman and Corwin22 discuss internal friction peaks in
calcia-stabilized zirconia (PSZ and FSZ); their results are discussed in terms
of the motion of oxygen vacancies. The observed internal friction peak in TZP
at 200°C may or may not be related to another interesting aspect of zirconia--

TABLE 16. ROOM TEMPERATURE INTERNAL FRICTION
AND RESONANT FREQUENCY?

Internal

Resonant Frequency Friction,

Material f, Hz Af, Hz Q"1 x 104
Nilsen MS Mg-PSZ 3620 1.96 3.13
Nilsen TS Mg-PSZ 3598 1.89 3.03
Feldmuhle ZN-40 Mg-PSZ 3524 2.19 3.50
Coors Mg-PSZ 3533 2.28 3.73
NGK Z-191 Y-TZP 3400 3.11 5.29

8ps-received material.
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"Figure 78. Typical amplitude-frequency curves of unshocked and thermal
shocked ceramics for internal friction measurement.
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the deleterious effect of water vapor on some Y203-stabilized zirconia mate-
rials. NGK personnel have reported a massive strength degradation at 200°C
for this form of Y-PSZ.23°2% |ange25 has studied this phenomenon and has
discussed unpublished work that leads to the conclusion that this strength
degradation at 200°C is caused by the formation of yttrium hydroxide on the
surface of the tetragonal particles in Y-PSZ, which subsequently nucleates the
transformation of the particles from tetragonal to monoclinic. In fact, such
materials have been known to be reduced to powder form in an autoclave envi-
ronment, an experiment that has apparently been performed by several research-
ers in the field. On the current program, the internal friction measurements
were performed in a laboratory atmosphere where the relative humidity was
measured to be nominally 45% RH. Strength measurement was made at 200°C
(where the internal friction peak and water vapor problem occurred). The
results are shown in Figure 81. It is seen that no such effect is apparent in
the fast fracture results for NGK Z-191 Y-TZP. The bend strength at 200°C
follows the strength-temperature trend Tine established previously. The
potential of degradation of some forms of Y-PSZ in high water vapor environ-
ments is particularly a problem since the tetragonal particles are unprotected
from the environment. X-ray diffraction results (Table 3) show that the NGK
material consists of nearly 100% tetragonal grains. In fact, it is more
properly referred to as a TZP (tetragonal zirconia polycrystals) instead of a
TTZ (transformation-toughened zirconia). In the technical community this
distinction is beginning to be made and has been in this report.

The active (metastable) tetragonal phase in MgO-stabilized
transformation-toughened zirconia materials, however, is contained within
large cubic ZrO2 grains, The 1ntragranu1ar tetragonal zirconia is a precipi-
tate phase that results from a thermal aging process. Therefore, the tetrag-
onal phase that results in high fracture toughness is protected from the
environment in Mg-PSZ. This may be the reason that extensive water vapor
effects have not been reported for Mg-PSZ. Lange25 asserts that the precipi-
tate TTZ's have the additional advantage that hydroxide compounds of magnesium
are not stable at 200°C (as is yttrium hydroxide in Y-PSZ), but do not form
until a higher temperature is reached. The elevated temperature internal
friction results for the Nilsen and Coors Mg-PSZ materials provided in Figures
82 and 83 apparently lend support to this view, The exact origin of the
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internal friction peaks shown is as yet unexplained, but it certainly occurs
at higher temperatures than for Y-PSZ (300-600°C, as shown in Figures 82 and
83).

Both Y- and Mg-PSZ materials are compared in the internal friction sum-
mary presented in Figure 84. Peak amplitudes are high for NGK TZP, presumably
due to its fine grain microstructure (many internal boundary surfaces). For
the Coors Mg-PSZ material, larger internal friction may be due to more micro-
cracking in the structure. The internal friction peaks of Mg-PSZ materials
occur at substantially higher temperatures than for yttria-stabilized TZP.

Internal friction measurements were also made on material that had been
exposed for 1000 hr at 1000°C. Room temperature results are presented in
Table 17, which illustrates that all MgO-stabilized materials (i.e., Nilsen,
Coors, and Feldmuhle) exhibited at least ~100% increase; in internal friction
after exposure. This correlates with the strength and toughness degradation
and phase and microstructural changes for these materials after exposure dis-
cussed previously. The magnitudes of the changes in Q ! and residual strength
also correlate. The strength changes with exposure are shown in Table 18.
Note that the Nilsen TS PSZ was added to this compilation. Comparing Tables
17 and 18, it is observed that the Coors material exhibited the largest
strength reduction as a result of the static thermal exposure. It could be
surmised that these thermally aged MgO-stabilized materials would be substan-
tially microcracked. The 1oss of strength alone could be related to a loss in
toughness through t > m transformation. However, accompanied by substantial
increase in internal friction would lead to speculation of severe microcrack-
ing also. The speculation of extensive microcracking for the Coors material
was discussed previously to explain its strength, elastic modulus, and frac-
ture toughness changes with exposure.

Note, however, the behavior of Y203-stabilized NGK 7Z-191 Zr02. A negli-
gible change in internal friction was observed after the 1000°C/1000 hr expo-
sure, as shown in Table 17. This correlates with only a 7% reduction in
strength experienced by this material as shown in Table 18, as well as the
indications of stability shown by nonchanging microstructure, phase assem-
blage, etc, These are all indications that Y203-stabilized materials are
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TABLE 17. INTERNAL FRICTION AND RESONANT FREQUENCY AT 25°C
AFTER 1000 HR/1000°C STATIC EXPOSURE?

Resonant Frequency Internal Friction,b

Material f, Hz Af, Hz Q1 x 10%
Nilsen MS Mg-PSZ 3668 3.36 9 (+69%)
Nilsen TS Mg-PSZ 3638 3.69 5.87 (+94%)
Feldmuhle ZN-40 Mg-PSZ 3506 3.71 6.10 (+74%)
Coors Mg-PSZ -- ~16-26 ~11-17 (+~300%)
NGK Z-191 Y-TZP 3410 3.03 5.14 (-3%)

a_ | .
Prior to thermal shock experiments.
PNumbers in parentheses indicate change from as-received condition,

superior to MgO-stabilized materials in terms of long-term overaging phenom-
ena.

Elevated temperature internal friction results, both before and after
1000 hr/1000°C exposure, for NGK Z-191 TZP and Nilsen MS Mg-PSZ are provided
in Figures 85 and 86, respectively. The internal friction peak for the NGK
material is only slightly shifted after exposure, and its amplitude is un-
changed. The Mg-PSZ, however, exhibits a substantial peak amplitude increase,
as well as a shift to a higher temperature after the 1000 hr/1000°C static
thermal exposure.

A study of the mechanisms of internal friction in transformation-
toughened zirconia.is beyond the scope of this program. However, their rela-
tive peak amplitudes, temperature dependence, and relative changes with over-
aging and other degradation phenomena such as destabilization and/or decomp-
osition are consistent with the phase and microstructural evidence obtained on
this program for Mg- and Y-stabilized TTZ materials.
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10. THERMAL SHOCK

Thermal shock resistance was determined on this program by the water
quench method, with the initiation of thermal shock damage being detected by
internal friction measurement. This technique was chosen not in an attempt to
simulate in-service engine conditions, but rather as a relative ranking of
candidate materials in severe thermal downshock. In conducting this test,
internal friction was measured before and after water quench from successively
higher temperatures using the flexural resonant frequency Zener bandwidth
method. A marked change in internal friction (specific damping capacity) or
observable surface microcracking indicated the onset of thermal shock damage
(i.e., thermal stress-induced crack initiation). This defined the critical
quench temperature difference, ATC’ which was compared to analytical thermal
stress resistance parameters. The parameter which is most applicable to the
experimental severe water quench is R = o(l - p)/oE,26 where ¢ is the
strength, u is Poisson's ratio, o is thermal expansion, and E is the elastic
modulus.

10.1 RESULTS FOR AS-RECEIVED MATERIALS

Five as-received zirconia materials were evaluated in the water quench
thermal shock test. Note that a second material from Nilsen was investigated
(i.e., TS grade PSZ), since it is purported to possess superior thermal shock
resistance. It was expected that, in general, zirconia materials would ex-
hibit relatively poor thermal shock resistance (compared to SiaN“ and SiC, for
instance) owing to their comparatively high coefficient of thermal expansion.
It therefore was of interest to determine if a given vendor could modify the
microstructure to yield better thermal shock results. The two materials from
Nilsen (MS and TS) permitted this to be investigated.

Samples from these five sets of as-received zirconia materials were
quenched into room-temperature water from successively higher initial temper-
atures (in 25°C increments starting at 200°C). The internal friction, Q71,
was measured after each quench, and the sample was examined in a 160X binocu-
lar optical microscope. When no increase in Q™! or surface microcracking was

B8 (o0 WeNTionALLy panp 1o PREGEDING PAGE BLAWK NOT FILMED



observed, a given sample was shocked from the next higher initial temperature.
When a significant increase in internal friction or microcracking was ob-
served, testing was resumed with an unshocked sample at an initial temperature
one increment (25°C) lower. In this manner, the testing of two to three sam-
ples could yield a value of AT., the critical quench temperature difference.
For present purposes, AT. is defined as the temperature difference where the
first microcracking or significant increase in internal friction was detected.

The results for the five zirconia materials are contained in Figures 87
through 91, where the change in internal friction, AQ’l/QO'l, is plotted as a
function of quench temperature difference, AT. The critical quench tempera-
ture difference for each material is shown in Table 19.

TABLE 19. CRITICAL QUENCH TEMPERATURE
DIFFERENCE OF ZIRCONIA

Material AT, °C
Nilsen MS 375
Nilsen TS 425-450
Feldmuhle ZN-40 300-325
Coors TT—ZrO2 350-400
NGK Z-191 400

Note, 1in Figures 87 through 91, that an abrupt large increase in internal
friction was always accompanied by the low-magnification optical observation
of microcracking. However, the converse was not always true. For instance,
Figure 90 exhibits "classic" behavior: a sudden large increase in internal
friction (several hundred percent in magnitude) and the associated observation
of microcracking. Figure 88, however, exhibits the case where microcracking
was observed, thus defining the critical AT, prior to any significant internal
friction increase. The reason for this is probably that the internal friction
is a volume sensitive measurement, where surface effects are minimized.
However, the observation of post-quench microcracking is made at the surface,

where the largest tensile stresses occur during the sudden thermal downshock.
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This situation is analogous in some ways to the case where internal friction-
based thermal shock results are compared with residual strength assessments.
The ATC values based on residual strength measurement (i.e., sudden decrease
in strength at the critical quench temperature difference) are often found to
be slightly higher than ATc data based on internal friction measurement. The
reason for this is that the internal friction measurement is an integrated
effect, sensitive to all nucleated microcracks of any size throughout the
entire sample volume. The residual strength method is usually performed in
flexure. Therefore, a decrease in strength subsequent to thermal shock will
only be realized when a thermal stress induced microcrack near the tensile
surface of the bend bar has grown to a size larger than the original fracture
origins in the unshocked material. Thus, internal friction is sensitive to
all microcracks of any size which are nucleated prior to one near the surface
growing to a certain critical size. The advantage of the internal friction
method is that about an order of magnitude fewer test samples are required to
accurately define the critical duench temperature difference.

Internal friction-quench temperature results are summarized in Figure 92
for the five as-received transformation-toughened zirconia materials evalu-
ated. Note in Figures 87 through 91 that some materials exhibited a range of
AT, for the samples tested, In the summary presented in Figure 92, a conser-
vative approach was taken--a worst case (i.e., lowest AT.) representation is
made. Figure 92 illustrates that Nilsen TS PSZ exhibited the highest aT.
(425°-450°C). Of the four main materials being investigated on this program,
the higher strength materials, NGK Z-191 Y-TZP and Nilsen MS Mg-PSZ, exhibited
higher values of the critical quench temperature difference than did the lower
strength materials, Coors and Feldmuhle ZN-40 Mg-PSZ. Figure 93 presents low
magnification optical photographs of representative cracking patterns of both
low and high strength materials. Note the more localized cracking of high
strength materials and the more extensive cracking of low strength materials.

Expected thermal shock results for these materia]s’gan be computed by
employing the appropriate analytical thermal stress resistance parameter,. In
the case of severe thermal downshock, this parameter is R, which is propor-
tional to the strength, and inversely proportional to the thermal expansion-
elastic modulus product as described above. The appropriate thermal and
mechanical properties to compute the R parameter were measured on this
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(a) MgO-stabilized zirconia (lower strength)

-stabilized zirconia (higher strength)

(b) Y203

Figure 93. Optical photographs of zirconia test bars
after water-quench thermal shock.
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program, and are tabulated in Table 20. The experimentally obtained critical
quench temperature values are also tabulated for each material in Table 20.
The computed R parameter has the physical interpretation as the maximum AT
allowable before thermal shock initiation. The analytical R parameter is
directly compared with experimental AT, values from the water quench tests in
Figure 94. The trend line is a linear least-squares data fit for the four
major materials investigated. Note the excellent agreement in analytical vs.
experimental results. Also, note that the Nilsen TS Mg-PSZ falls distinctly
away from the trend line established for the other materials.

We can attempt to explain these thermal shock results from the data we
have generated. The four main materials evaluated on this program were all
designed to optimize the strength and fracture toughness. The Mg0O-doped
materials (i.e., Nilsen MS, Coors, and Feldmuhle ZN-40) consist of relatively
large cubic zirconia grains (i.e., 50 ym) with a finely dispersed metastable
tetragonal intragranular phase (i.e., 20-50 nm, within the large cubic grains)

TABLE 20. THERMAL STRESS RESISTANCE PARAMETERS
FOR TRANSFORMATION-TOUGHENED ZIRCONIA

R = ,
Flexural_ Estimated Thermal b Elastic_ o1 —du)/ AT
Strength,® Poisson's Expansion,” Modulus,® o, (MQ°1),€
Material ksi Ratio 1076/°C 106 psi °C °C
Nilsen MS 92.5 0.2 8.3 29.3 304 375
Mg-PSZ
Feldmuhle 61.8 0.2 9.1 29.8 182 325
IN-40 Mg-PSZ
Coors Mg-PSZ 69.9 0.2 8.7 29.5 218 350
NGK Z-191 129.1 0.2 9.3 28.9 384 400
Y-TZP
Nilsen TS 75.9 0.2 8.2 29.1 254 425
Mg-PSZ

3A11 properties at 25°C unless otherwise noted; note that 4-point bend strength
is used instead of the tensile strength.

bat 300°C, using heating cycle data.
CFlexural resonant frequency method.

dAna]ytical thermal stress resistance parameters; maximum AT allowable for
steady heat flow.

€Critical AT determined either by change in internal friction or visual crack
observation after water quench tests.
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that is responsible for the toughening. The NGK Z-191 material is much finer
grained, and consists of discrete tetragonal grains. Table 20 illustrates
that these materials all have similar elastic moduli, slightly varying thermal
expansion, and widely varying strengths. Therefore, the increasing ATC shown
for these materials in Figure 94 is mainly the result of their strength varia-
tion. NGK Z-191 is the strongest with the highest ATC, Nilsen MS PSZ is
intermediate in strength and AT., while the Coors and Feldmuhle materials
exhibit the lowest strength and ATC values.

The thermal shock behavior of Nilsen TS PSZ requires another explanation,
however. The baseline PSZ materials that were designed for optimum toughness
and strength (e.g., Nilsen MS PSZ) had poorer thermal shock resistance. The
reasons for poor resistance to thermal shock in zirconia include relatively
high thermal expansion in general. If higher temperatures than experienced in
the water quench tests are involved, then decreasing strength and toughness
with temperature also contribute to poor thermal shock resistance (strength
and toughness decreasing with temperature as the tetragonal precipitates
become more stable). Nilsen's TS PSZ is an attempt to improve the thermal
shock resistance of transformation-toughened zirconia. Our present results
illustrate their success.

The pertinent thermal and mechanical properties of the materials investi-
gated were presented in Table 20. The strength of TS material (75.9 ksi) is
lower than for MS PSZ (92.5 ksi). The elastic moduli of the two materials are
virtually identical (29.1, 29.3 x 106 psi). At 300°C (a temperature appropri-
ate for analysis of water quench data) the thermal expansions of these two
materials are nearly the same. Simple microcracking may be ruled out as an
explanation for lower strength and higher AT. when compared to the MS mate-
rial, since their baseline (unshocked) internal friction values are nearly the
same (refer to Table 16). Thus, none of these property considerations can be
used to explain the larger ATC observed for the TS material (that is, the
properties contained in the thermal stress initiation parameter R, where
R = oll - nl/aE).

The clue to the improved thermal shock resistance of the TS material is
in its microstructure. Figure 67 presented the thermal expansion of the MS
and TS grades of Nilsen PSZ. The expansion of the TS grade is lower than that
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of the MS grade. This is mainly a factor at higher temperatures, and certain-
ly will result in improved thermal shock resistance. However, note the line-
arity of the MS curve and the inflection in the TS curve heating cycle at
~500°C. This is a strong indication that there is significant monoclinic
phase present in the TS grade. XRD analysis confirms that there is 20% mono-
clinic phase in Nilsen TS Mg-PSZ (as well as 56% cubic and 24% tetragonal).
There is only nominally 5% monoclinic zirconia in MS grade material from
Nilsen. For high strength and toughness, the presence of monoclinic ZrO2 is
undesirable. However, for thermal shock resistance alone, the monoclinic
phase is beneficial. Furthermore, monoclinic zirconia results in thermal
shock behavior that does not scale with the water quench thermal shock param-
eter describing thermal stress induced crack initiation. It appears that an
analytical parameter based on propagation rather than initiation is required.
The reason for this is apparently the enhanced R-curve behavior exhibited by
PSZ, especially in the presence of the monoclinic phase. The term R-curve
behavior is not to be confused with the thermal shock R parameters. R-curve
behavior is a concept of fracture mechanics, and involves an increase in KIc
with crack extension. These concepts, as applied to transformation-toughened
zirconia, are beginning to appear in the literature.27729 The presence of
monoclinic Zr()2 in Nilsen TS PSZ explains its lower strength and increased
thermal shock resistance. Monoclinic ZrO2 was expected based on the nature of
the thermal expansion curve, and its presence was confirmed by subsequent XRD
analysis.

Interestingly, the thermal expansion data for Coors Mg-PSZ presented in
Figure 71 showed slight evidence of a phase transformation also. It had
previously been shown that substantial monoclinic phase in that material
explained the poor strength retention after long-term exposure. The presence
of this same monoclinic phase could be responsible for the range of AT, values
exhibited by the Coors material as shown in Figure 91. ATC values as high as
400°C are higher than expected considering strength alone (compare inert
strength and ATC values obtained for the Coors and Feldmuhle materials). The
presence of monoclinic zirconia in the structure of the Coors material either
intentional or unintentional, would help explain this. This variability of
the Coors Mg-PSZ correlates with its strength and elastic modulus variability,
as discussed in Sections 4 and 5.
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10.2 RESULTS FOR EXPOSED MATERIALS

Water quench thermal shock tests were also conducted after test samples
had undergone a 1000 hr/1000°C static thermal exposure. The results are
provided in Figures 95-98. The exposed Coors material was not subjected to
the water quench tests since its post-exposure internal friction values were
judged to be large enough to perhaps preclude definitive detection of subse-
quent changes in internal friction upon thermal shock. The microstructure was
already severely damaged.

Figures 99-102 summarize the Q"1 vs. AT data for each material before and
after the 1000 hr/1000°C thermal exposure. It is interesting to observe that
for the Mg-PSZ materials, the critical quench temperature difference after
exposure was AT. = 275°C in all cases. These data are tabulated in Table
21. The 1000 hr/1000°C exposure is severe enough to bring each of the Mg0O-
stabilized materials to equivalent levels of degradation--at least for thermal
shock. Each contains significant amounts of transformed monoclinic material.
The presence of a certain amount of the monoclinic phase might be expected to
be beneficial to thermal shock resistance (e.g., the as-received Nilsen TS
material discussed above). However, after 1000°C/1000 hr exposure, much
degradation has occurred, and all MgO-stabilized materials exhibit a AT of
275°C., This may again show the controlling influence of strength on thermal
shock behavior--the post-exposure bend strength of all the Mg-PSZ materials
was nominally 40 ksi.

Perhaps the most surprising result of the thermal shock testing of ex-
posed materials is the behavior of NGK Z-191 Y203-stabilized material (Figures
98 and 102). This material also exhibited a AT. of 275°C, although more accu-
rately a range from 275° to 300°C. Recall that its critical quench tempera-
ture difference was 400°C prior to the extended 1000 hr/1000°C thermal expo-
sure (Figure 90, Table 19). Therefore, all TTZ materials, both Mg-PSZ and
Y-TZP, exhibited AT, = 275°C after the exposure. This is surprising for NGK
Z-191 because this material experienced only a 7% strength reduction and no
elastic modulus change after the exposure. Its microstructure and phase
assemblage, shown in Table 3 and Figure 9, were imperceptibly affected. This
is further supported by thermal expansion data that showed no detectable
change in thermal expansion after the 1000 hr/1000°C exposure (Figure 68).
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TABLE 21. THERMAL SHOCK RESISTANCE OF TRANSFORMATION-TOUGHENED ZIRCONIA
BEFORE AND AFTER THERMAL EXPOSURE

Critical Quench Tempergture Difference,

(AT.), °C
After
1000 hr/1000°C
Material As-Received Exposure
Nilsen Mg-PSZ
® MS Grade 375 275
® TS Grade 425-450 275
Feldmuhle ZN-40 Mg-PSZ 325 275
NGK Z-191 Y-TZP 400 275-300
Coors Mg-PSZ 350 x

*Coors material judged too altered after 1000 hr/1000°C exposure to de-
finitively measure AT..

That would tend to further confirm the stability of the Y-TZP microstructure,
but it certainly makes interpretation of the post-exposure thermal shock
behavior more difficult.

10.3 SUMMARY OF THERMAL SHOCK RESULTS

In summary, water quench thermal shock resistance in Nilsen MS, Coors,
and Feldmuhle ZN-40 Mg-PSZ materials, as well as NGK Z-191 Y-TZP, is corre-
lated with the R analytical thermal stress parameter (proportional to go lE™1)
for thermal stress induced crack initiation. These materials have similar
thermal expansion and elastic moduli. Resistance to thermal stress induced
crack initiation is directly proportional to the tensile strength. Therefore,
the NGK material exhibited the highest critical quench temperature difference,
AT, = 400°C. The highest thermal shock resistance was obtained for the Nilsen
TS pPSZ, ATC = 425°-450°C., Thermal expansion results indicate and XRD analysis
directly illustrates the higher monoclinic phase content for this material,
the microstructure of which was optimized specifically for thermal shock. The
monoclinic phase is responsible for the increased thermal shock resistance,
Analytically, however, the treatment of such a material may require a thermal
stress propagation parameter instead of the usda] crack initiation parameter,
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The current ceramic literature refers to increased R-curve behavior (increased
Kie with crack extension) for such a material containing the monoclinic phase.
This is apparently the reason for its success in water quench tests.

Some monoclinic zirconia in the microstructure may be beneficial, but too
much is very detrimental. Test bars of all transformation-toughened zirconia
samples that had been exposed to a 1000 hr/1000°C static thermal atmosphere
experienced a significant decrease in resistance to sudden thermal downshock.
For Mg-PSZ, this correlates with the 30-70% strength reduction resulting from
overaging. The loss of thermal shock resistance for the Y-TZP (i.e., NGK
"~ Z-191) 1is not so readily understood since its phase assemblage, microstruc-

ture, and mechanical properties were otherwise unaffected by the 1000 hr/
1000°C exposure.
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ORIGINAL PAGE IS
OF POOR QUALITY

11. THERMAL DIFFUSIVITY

Thermal diffusivity is defined as the ratio of the thermal conductivity
to the density-specific heat product. It is of obvious interest for materials
being considered for use in the hot-section of the adiabatic diesel engine.

Thermal diffusivity was measured at room temperature (both before and
after 1000 hr/1000°C static exposure) by the laser pulse method.30 The sample
was supported by a minimum contact porous zirconia sample holder. The front
face of the disk-shaped sample (9/16 in. dia x 0.050 in. thick) was irradiated
with a single pulse of laser energy, and the resulting sample rear face tem-
perature transient detected and recorded as shown in Figure 103. Calculation
of the thermal diffusivity was made from this temperature-time response. The
laser used was a 3 joule Korad K-1 pulsed ruby laser operating at 6943 A&
(random 1asing, non-Q-switched mode). The pulse duration was nominally 1
msec, which was two orders of magnitude shorter than the transit time for

Temperature

Time

Figure 103. Sample rear face temperature
transient in laser pulse method for
thermal diffusivity measurement.
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thermal diffusion through the sample, thereby making finite pulse time cor-
rections unnecessary. Fully dense zirconia is translucent at the 0.69 ym
wavelength of the laser; this must be considered when using this measurement
method since a required boundary condition is that the laser energy be ab-
sorbed on the front surface only, or at least in a thickness very small com-
pared to the sample thickness. To accomplish this, a ~0.8 ym thick platinum
coating was applied to the zirconia sample front surface by electron-beam
evaporation. Additionally, a thin graphite coating* was applied to the front
sample surface to increase laser absorption. The sample rear face temperature
transient was detected with a liquid nitrogen-cooled indium antimonide infra-
red detector (Texas Instruments ISV 3105) which is extremely sensititive at
long wavelengths corresponding to ambient temperature measurement. The thin
graphite film was also applied to the zirconia sample rear surface to avoid
below-surface viewing by the detector. Initial time, tys for the measurement
was determined when lasing occurred through the use of an auxiliary photodiode
system monitoring the ruby laser performance.

Thermal diffusivity, a, was computed from the expression:

2
_0.1388 L
o= T
1/2
where L = sample thickness, cm
t1/2 = time for rear face temperature to reach half its maximum value.

In making this measurement, it was found necessary to operate the laser
at power levels lower than ~75% peak to avoid peeling off the thin Pt
coating.**

*"dgf 123," Miracle Power Products, Cleveland, Ohio.

**Additiona11y it is noted with interest that when an Mg-PSZ sample was
repeatedly irradiated with the ~3 kW peak laser pulse, surface damage
occurred that consisted of craze cracking of a characteristic size on the
order of the grain size, as well as raised areas (i.e., uplifted grains)
that might be interpreted as indirect evidence of volume increase associated
with a tetragonal to monoclinic phase transformation being activated by the
incident laser energy.
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TABLE 22. THERMAL DIFFUSIVITY OF TRANSFORMATION-TOUGHENED ZIRCONIA

Room-Temperature Thermal Diffusivity,
cm2 sec”l (1073)

Material As-Received? Exposed 1000 h/1000°C?
NGK Z-191 Y-TZP 11.1, 11.4 11.7, 11.5
Nilsen MS Mg-PSZ 11.0, 11.1 12.5, 12.4
Feldmuhle ZN-40 Mg-PSZ 10.9, 11.0 12.2, 11.6
Coors Mg-PSZ 10.8, 11.0 15.3, 10.4

dNumbers in table are for replicate samples; note that as-received
and exposed samples were from different sample sets (i.e., a given
sample was not measured in both virgin and exposed conditions).

Thermal diffusivity results for the four transformation-toughened zir-
conia materials studied are provided in Table 22. The thermal diffusivity of
zirconia is very low--nominally 11 x 1073 cm2 sec” 1. Hence, its utility as a
thermal insulator for minimum heat rejection or adiabatic diesel engine hot-
section components. In general, thermal diffusivity can be affected by poros-
ity, grain size, degree of microcracking, dopant, and crystalline phase.
However, for the Mg-PSZ and Y-TZP materials studied, the thermal diffusivity
for as-received material varied only 3%. The thermal diffusivity of NGK
Y-TZP was nominally 2% higher than that of the three Mg-PSZ materials. This
correlates to its nominally 2% higher density. Apparently, the widely differ-
ent grain size, dopant, and phase content of Myg-PSZ and Y-TZP do not affect
the thermal diffusivity. In other words, thermal diffusivity is not a strong
function of crystalline phase in zirconia implying that cubic and tetragonal
forms have similar diffusivities. The apparent insensitivity to grain size is
not completely understood at present. Therefore, in the as-received condi-
tion, commercially available transformation-toughened zirconia materials have
nominally equivalent values of thermal diffusivity (and thus also thermal
conductivity, since the densities are similar and the specific heat is not
expected to vary significantly).

After 1000 h/1000°C static thermal exposure, the thermal diffusivity of
the transformation-toughened zirconia materials was more variable, and in-
creased slightly--from nominally 3% increase for NGK Z-191 Y-TZP to nominally
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9% and 13% increases for Feldmuhle ZN-40 and Nilsen MS Mg-PSZ materials,
respectively. The average value for exposed NGK Z-191 Y-TZP was 11.6 x 1073
cm2 sec”l, whereas the average value for the exposed Nilsen and Feldmuhle Mg-
PSZ materials was 12.2 x 1073 cm2 sec” 1, This increase in thermal diffusivity
with the 1000 h/1000°C thermal exposure for the Mg-PSZ materials correlates
with the increase in monoclinic content and associated microcracking that
result from the degradation processes involved in long-term exposure in mag-
nesia-stabilized PSZ (e.g., decomposition and phase change caused by desta-
bilization and overaging). The thermal diffusivity of the Coors Mg-PSZ, how-
ever, increased by as much as 40% (to 15.3 x 1073 cm2 sec”™ 1) upon the 1000 hr/
1000°C static thermal exposure. Also, the Coors material was more Yariable
after exposure, These data correlate with observations of other prgberties of
exposed Coors Mg-PSZ made previously.

It is important to note that when making the laser flash thermal diffus-
ivity measurement on the exposed Mg-PSZ materials, it was necessary to employ
heat 1oss correction methodology to the data reduction procedure. One of the
boundary conditions employed to obtain the ideal analytical solution to the
conditions of the laser pulse measurement is that there are no heat losses
that would alter the shape of the temperature transient. This boundary con-
dition is often violated by radiation transfer at high tempratures.

Taylor3l discusses a convenient correction for this effect based on
Cowan's original work.32 This correction involves comparison of the shape of
the experimentally obtained temperature transient at times out to ~5t1/2 to
the shape of the ideal rear face temperature transient obtained from the ideal
analytical solution (the general shape of the rear face temperature transient
is independent of sample thermal diffusivity). This correciton is common in
elevated temperature measurement at T > 1000°C. However, for the present low
diffusivity materials it was found to be required (about a -7% effect) for the
exposed Mg-PSZ materials. Therefore, the apparent increased radiation contri-
bution for exposed Mg-PSZ would suggest that the increase in thermal diffusiv-
ity observed upon 1000 hr/1000°C exposure is due more to the degree of
increased microcracking that accompanies any degradation than to any grain
size changes or increase in the monoclinic zirconia content per se. In other
words, the thermal diffusivity of monoclinic zirconia may not be higher than
that of tetragonal and/or cubic zirconia (present prior to degradation), but
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rather the increase in thermal diffusivity upon degradation is the reéu]t of
increased microcracking in severely degraded materials.

From the point of view of thermal design with transformation-toughened
zirconia for adiabatic diesel engine applications, it is noteworthy that there
is no thermal benefit of Y-TZP over Mg-PSZ--both forms of transformation-
toughened zirconia have nominally equivalent values of (room temperature)
thermal diffusivity. The increase in thermal diffusivity for Mg-PSZ upon
long-term degradation, however, is typically nominally 10-13% but can be as
high as 40%. This will certainly affect the thermal performance of the adia-
" batic system (if not first noticeable in the decreased mechanical performance
due to the concurrent drastic decreases in strength and toughness associated
with the degradation).

191






12. STRESS RUPTURE/STATIC FATIGUE

Another aspect of the long-term stability of transformation-toughened
zirconia‘was examined--static fatigue. It was of interest to learn the pos-
sible time dependence of strength (at stress levels below the fast fracture
strength) during extended static exposure at 1000°C. Basically, a constant
flexural stress was applied to the test sample at 1000°C, and the failure time
recorded, This is referred to as a stress rupture or a static fatigue test
(as opposed to dynamic fatigue, where in input stress is time dependent, or
cyclic mechanical fatigue).

Several forms of static fatigue have been identified for structural
ceramics in general, and silicon-base ceramics (e.g., SiC and Siqu) in par-
ticular. The behavior found for zirconia will be compared to the more estab-
lished data base for silicon-base ceramics. Static fatigue can have a variety
of origins and mechanisms, either acting singly or simultaneously operable.
For instance, static fatigque can be the result of stress corrosion, which is
environmentally assisted strength degradation. Another form is creep frac-
ture, which is diffusion and cavitation-related deformation that results in
the formation of extensive microcrack networks. A third form of static
fatigue is subcritical crack growth, or the extension of flaws, such as triple
point voids, with time. A common cause is grain boundary sliding, or the rel-
ative movement of grains surrounded by thin deformable intergranular films.
Static fatigue, or strength degradation with time, can also be related to high
temperature oxidation or gaseous corrosion mechanisms where the intrinsic
volume-distributed flaw population is changed to a surface-related critical
flaw population.

For transformation-toughened zirconia, the additional mechanism of phase
transformation must be considered when interpreting static fatique. The goal
of the present experiments was to test the materials at 1000°C at applied
loads that were lower than the fast fracture strengths at 1000°C. In this
manner, we could possibly determine the existence of time-dependent mechanisms
of strength reduction other than the primary phase transformation,
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The results are presented in Figure 104, where the failure time ié plot-
ted for various initial applied stress levels. For NGK Z-191 Y-TZP, the fast
fracture strength at 1000°C was 40.3 ksi. Attempts were made to measure the
failure times of two samples loaded to 90% of the fast fracture strength
(i.e., 36.4 ksi). One sample failed just after loading, and the other failed
in nominally 2.3 hr, as shown in Figure 104, To extend this to longer times,
the applied stress was then reduced to nominally 80% and 70% of the 1000°C
fast fracture strength. As shown in Figure 104, both of these tests were
terminated (after 106 and 189 hr, respectively) due to excessive sample defor-
mation. A photograph showing the superplastic behavior is provided in Figure
105. The relatively poor creep resistance of NGK Z-191 Y-TZP was discussed in
Section 8, and is a result of the fine grain structure of this material and/or
a SiOZ-rich intergranular phase that deforms at elevated temperature. The
excessively deformed TZP samples were inked to decorate any cracking, and
examined in the low magnification optical binocular microscope. No evidence
of creep fracture was observed on the tensile surfaces.

The 1000°C static fatigue results for the Mg-PSZ materials from Nilsen,
Feldmuhle, and Coors, however, gave much different results, as shown in Figure
104. The Coors Mg-PSZ survived ¢ = 0.80f (i.e., 80% of the 1000°C fast frac-
ture strength) for over 1600 hr without failure. The Coors sample with an
applied load of o = 0.90¢ Survived over 1500 hr without failure. However, in
both instances, the test termination procedure involved furnace-cooling under
load, and both samples failed in 2-4 hr during the furnace cool-down.

For the Nilsen MS Grade Mg-PSZ samples, the same phenomenon was observed.
Test samples survived a static load, ¢, of 0.80¢ < 0 < 0.9cf for 1325 and 1510
hr, respectively. Failure then occurred in 1-3 hr while cooling under load
from the 1000°C test temperature.

Similar results were obtained for Feldmuhle ZN-40 Mg-PSZ at an applied
stress of 0.9¢¢. The test sample survived for 2350 hr at 1000°C under the
applied load, only to fail in less than 2 hr while furnace-cooling under
Toad. Static fatigue testing at 0.80; applied load (i.e., 24.6 ksi) was
conducted successfully for 1610 hr for Feldmuhle ZN-40, and this sample was
the only one to survive the furnace cooling without incident. The residual
strength of that sample was 31.3 ksi. Note that the Feldmuhle material was
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Figure 105. Deflection of NGK Z-191 bend specimen
after 1000°C static fatigue test of 189 hr at
28.1 ksi, a stress level that corresponds to
\70% of the fast fracture strength at 1000°C.

previously found to be less affected by the exposure in terms of its phase
assemblage, microstructure, and residual strength. The fact that it was the
only Mg-PSZ to survive the static fatigue test correlates with this,

The survival of the Mg-PSZ materials at 1000°C for periods of nominally
2000 hr under applied loads of up to 90% of the fast fracture strength at that
temperature is encouraging. This means that classic static fatigue mechanisms
such as discussed above may not be operable and performance-limiting in
transformation-toughened zirconia. Instead, the problem is in the fractures
observed (almost universally) as the test samples furnace-cooled from 1000°C
while under load. This will be shown to be the result of a major tetragonal-
to-monoclinic phase transformation. It should be noted that the failures were
not caused by thermal shock since the samples were furnace-cooled very slowly.
Similarly, the fractures were not caused by stresses originating from any
possible thermal expansion mismatch between the specimen and loading fixture
(SiC). This view is based on the fact that all fractures occurred at the
midspan of the specimens, far from any SiC pins.

A1l Mg-PSZ fractures occurred in ~2-4 hr after terminating the 1000°C
static fatique test. A subsequent cooling rate measurement for the furnace
used in this static fatigue test illustrated that the fractures occurred at a
temperature almost precisely equivalent to the M temperature of each Mg-
PSZ. This is illustrated in Figures 106 and 107 for the Coors and Feldmuhle
Mg-PSZ materials, where the furnace cooling curve is superimposed on the
thermal expansion curve that would be roughly equivalent to the microstruc-
tural state of Mg-PSZ after the 1500-2000 hr exposure at 1000°C in the static

196



Percent Linear Expansion

0.4
I | I | l
Heating
= e Cooling As (m > t)
0.3 T -3
\ Th 1
| Exigziion /,
0.2 Behavior 12
/
0.1 -1
Stati
—=x Fatigue /
\ Failure /
°r7 \ / |
\ /
\\ \ /
-0.1 [~ A \// 1
BN
\ // \\\furnace cooling curve
-0.2 — \
S~ / -0
M, (6> m) \
‘\\\ g
0.3 I l l 1~ 1
0 200 400 600 800 1000 1200

Temperature, °C
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clusion of static fatigue test occurred as the M_ temperature
was passed through. s
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Mg-PSZ thermal expansion curve, illustrating that failure at
conclusion of static fatigue test occurred as the Ms temperature
was passed through.
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fatigue test. The MS temperature is where the tetragonal » monoclinic phase
transformation occurs upon cooling, and is identified on the expansion (con-
traction) curve in Figures 106 and 107. The time of fracture was recorded.
When this time is placed on the furnace cooling curve, it is noted that frac-
ture occurred precisely as the M, temperature was passed through. Therefore,
all Mg-PSZ samples survived the ~2000 hr/1000°C static fatigue, only to frac-
ture upon cooling at the M, temperature (~300°-400°C).

The microstructural state of the Mg-PSZ materials after the static
fatigue test is illustrated in Figure 108, showing Nilsen MS material after
1508 hr at 1000°C at a constant stress corresponding to 0.9 or. The severe
degradation is evident. Subsequent XRD phase analysis of this sample indi-
cated the phase composition to be 92% monoclinic, 5% cubic, and 3% tetrag-
onal. Obviously, the degradation involves a combined overaging, destabiliza-
tion, and decomposition effect. The structure was almost completely converted
to monoclinic, Table 23 summarizes the pertinent strength data and stress
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Figure 108. Microstructure of Nilsen MS Mg-PSZ after
1508 hr static fatigue test at 1000°C at a stress
corresponding to 0.9 O_. XRD analysis indicates a
phase composition consisting of 92% monoclinic, 5%
cubic, and 3% tetragonal. Combined overaging,
destabilization, and decomposition effect.
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TABLE 23, FLEXURE STRENGTH AND STATIC FATIGUE STRESS LEVELS FOR ZIRCONIA

4-Point Bend Strength, ksi

As-Received Residual 25°C

1000°C Fast  Strength After A Static Fatigge .
Fracture 1000 hr/1000°c ~ ~pplied Stress, ksi
Material Strength? Expos ure® 0.70¢  0.80¢  0.90¢
Nilsen MS Mg-PSZ 38.5-44.1 34,2-48.9
(41.6) (39.4) - 33.2  37.5
Feldmuhle ZN-40 Mg-PSZ  29.1-32.7 40.9-45.4
(30.9) (43.2) - 24.6 27.9
Coors Mg-PSZ 17.0-33.2 14,7-25.5
(23.7) (21.1) -- 19.0 21.4
NGK Z-191 Y-TZP 35,3-44,1 116.5-124.2
(40.3) (119.8) 28.1 32.4 36.4

dRange for 5-sample population, average in parentheses.
b70%, 80%, and 90% of the 1000°C fast fracture strength,

levels of the static fatigue experiments. The failures in the static fatigue
tests occurred at stress levels significantly lower than the residual strength
after the previous static 1000 hr/1000°C exposures, and lower than the previ-
ously presented 1000°C fast fracture strengths. This information i]]ustrates
that the Mg-PSZ materials degrade during extended elevated temperature expo-
sure, and subsequently fail if under load when the structure undergoes the
transformation of the monoclinic phase at the M, temperature upon cooling.

In summary, the present static fatigue tests illustrate that (a) the con-
version of any unconstrained tetragonal phase in the Mg-PSZ structure to the
monoclinic form at the MS temperature as the material cools through the mar-
tensitic transformation region, and (b) loss of the cubic phase by destabil-
ization and decomposition, are the most critical parameters for long term
strength degradation and the development of associated life prediction meth-
odology and strategies. The limiting long term behavior is not related to
bulk diffusion, cavity nucleation, creep fracture, subcritical crack growth,
etc. It is simply related to controlling the phase assemblage of the struc-
ture, and preventing its conversion to monoclinic as the Mg temperature is
passed through upon cooling from the service temperature. Note, however, that
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several mechanisms may be involved in the observed degradation (i.e., over-
aging [t » m], stress-assisted transformation, decomposition [c » m + Mg],
destabilization [c »m] by volatization of Mg0 stabilizer, etc.).

For Y-TZP, the overriding long term problem is not related to such phe-
nomena involving a tetragonal-to-monoclinic phase transformation. Rather,
high-temperature deformation is the critical issue.
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13. THERMAL FATIGUE

It was shown in the static fatigue work presented in Section 12 that
Y-PSZ (i.e., TZP) materials suffered from excessive deformation while under
significant load at 1000°C. For the coarse-grain precipitate structure, Mg-
PSZ, it was found that little or no time dependence per se was seen in the
strength; however, virtually all of the samples failed after the 2000 hr/
1000°C exposure as the sample cooled under Toad through the Mg temperature,
the point at which the tetragonal zirconia transforms to monoclinic in the
overaged, destabilized, and decomposed material. This test and its results
are significant for diesel engine applications since the maximum temperature
expected in certain engine configurations will be ~1000°C (i.e., piston cap),
and long service times are projected (much greater than 1000 hr).'

Since the problem is related to the tetragonal-to-monoclinic phase trans-
formation, it is very appropriate to examine thermal fatigue behavior, especi-
ally in regards to potential degradation from cycling through the Ag (m > t)
and M (t » m) temperatures many times. Accordingly, a thermal fatigue test.
was conducted on one sample of each of the four transformation-toughened
materials, wherein a typical diesel engine start-up and shut-down cycle was
simulated. Test samples were slowly cycled under no mechanical load into a -
furnace maintained at 1000°C in a time of ~20 min; the residence time at
1000°C was 10 min; the sample was slowly withdrawn to ambient conditions over
a period of 10 min; the residence time at ambient conditions was 10 min prior
to the start of the next thermal cycle. This thermal cycle was repeated a
total of 1115 times. The total residence time at 1000°C was 186 hr. The
residual bend strength and dynamic elastic modulus were measured after this
thermal cycling.

Tne results for elastic modulus are presented in Table 24, where the as-
received modulus and the modulus after 1000 hr/1000°C exposure are also tabu-
lated for reference. The values for thermal-fatigued samples are virtually
unchanged. This illustrates that extensive microcracking after repeated
cycling did not occur.
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TABLE 24. THERMAL FATIGUE RESULTS--ELASTIC MODULUS

Dynamic Elastic Modulus at 25°C, 106 psi

After After 1115
1000 hr/1000°C Cycles from
Material As-Received Exposure 25° to 1000°C
NGK Z-191 TZP 28.9 28.9 29.1
Nilsen MS Mg-PSZ 29.3 30.2 29.1
Feldmuhle ZN-40 Mg-PSZ 29.8 29.2 29.8
Coors Mg-PSZ 29.5 18.3-27.02 31.5

d0btained from deformation in bend test.

The thermal fatigue results for bend strength are tabulated in Table 25.
Comparison is made to as-received fast fracture strength at 25° and 1000°C,
and the residual room temperature strength after 1000 hr/1000°C thermal expo-
sure. As shown in Table 25, the strength of the single thermal-fatigued NGK
Z-191 TZP sample is 17% lower than its as-received strength, but still signif-
icantly high (107 ksi). As discussed above, the microstructure of TZP is very
stable. There was no evidence of phase change in the post 1000 hr/1000°C
exposure samples, where the strength was only 7% lower than the original
strength, The thermal-fatigued sample exhibited a 17% strength reduction.
However, this was on only one sample, and thus the reproducibility of the
result is not known. Zirconia is known to have relatively poor thermal shock
resistance. Some minimal microcracking may have resulted from the 1115
thermal fatigue cycles. However, the effect is not large based on the re-
sidual strength data.

The Mg-PSZ materials are known to suffer severe strength degradation due
to overaging and destabilization/decomposition in the static 1000 hr/1000°C
exposure, Note in Table 25 that the Nilsen material experienced an identical
strength degradation (i.e., 56%) in the thermal fatigue test, where the expo-
sure time was much shorter, i.e., 186 hr. However, the Mg-PSZ materials from
Coors and Feldmuhle did not degrade as much due to the 1115-cycle thermal
fatigue as they did in the 1000 hr/1000°C static thermal exposure. The total
time at 1000°C in the static exposure was 1000 hr. The total time spent at
1000°C in the fatigue test was 186 hr. The strength degradation for these
materials appears to correlate with total time at 1000°C. It appears that the
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TABLE 25, THERMAL FATIGUE RESULTS--FLEXURAL STRENGTH

4-Point Flexure Strength, ksi
Residual Strength at 25°C

After After 1115
As-Received 1000 hr/1000°C Cycles from
Material 25°C 1000°C Exposure 25° to 1000°C
NGK Z-191 TZP 129.1 40.3 119.8 107.3
Nitsen MS Mg-PSZ 92.5 41.6 39.4 41.4
Feldmuhle ZN-40 Mg-PSZ 61.8 30.9 43,2 64.5
Coors Mg-PSZ 69.9 23.7 21.1 35.8

1115 cycles through the MS temperature was not in itself detrimental. Presum-
ably, the overaging and destabilization/decomposition is not as severe after
only 186 hr at 1000°C, compared to the level of overaging and destabilization/
decomposition which occurred after 1000 hr at 1000°C. Note that the thermal
fatigue tests were conducted on samples with no mechanical load applied.

These thermal fatigue results suggest that the time at elevated tempera-
ture is the most important factor in property degradation. The mechanisms and
kinetics of the different degradation modes should therefore be studied.
Progressive damage by microcracking as the MS temperature is repeatedly passed
through does not appear to occur to any great extent in transformation-
toughened zirconia--either in Mg-PSZ or in Y-TZP forms.
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14, COMPONENT SHAPE CAPABILITIES

Transformation-toughened zirconia is recognized to have thermal and
mechanical properties that are potentially beneficial for use in the minimum
heat rejection diesel engine. As such, a necessary requirement of ceramic
vendors is to produce TTZ in the required component configurations. Specific
component designs are a function of the particular engine and its performance
requirements, and are generally proprietary. Likewise, the details of ven-
dors' production facilities and capabilities are proprietary. However, the
diesel engine community can be assured that transformation-toughened zirconia
is being scaled to production quantities by current foreign and domestic
vendors. A representative sampling of typical transformation-toughened zir-
conia diesel engine components that have been produced has been provided for
the NGK and Nilsen materials, and is presented in Figures 109 and 110,
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Figure 109, Zirconia diesel engine components produced by NGK.
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Figure 109. (cont.)
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(a)

Figure 110, zirconia diesel engine components produced by Nilcra Ceramics
(Nilsen Mg-PSZ).
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(b)

Figure 110. (cont.)
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15. DISCUSSION AND CONCLUSIONS

Transformation-toughened zirconia offers unique benefits for use as a
structural component in the adiabatic diesel engine. Besides havihg low
thermal conductivity, this ceramic possesses both high strength and high
fracture toughness at moderate temperatures. It is relatively flaw tolerant,
exhibiting Weibull moduli, a measure of streﬁgth distribution dispersion, that
are high for monolithic ceramics. The transformation of the tetragonal zir-
conia phase in the tensile stress field ahead of an advancing crack tip re-
duces the severity of the crack tip stresses, thereby shielding it from the
applied stress field. More than one mechanism is involved, including micro-
crack generation, crack deflection, crack bowing, and the energy absorbed by
the transformation process. The dispersed tetragonal zirconia phase is the
active toughening phase, and its retention and control is the key to maintain-
ing the attributes of TTZ, and a necessary condition of insuring its success-
ful structural use in advanced adiabatic diesel engines.

A comparison of the two major forms of transformation-toughened zirconia,
Mg-PSZ and Y-TZP, is provided in Table 26. The items are listed as applied
mainly to the two mature forms of these materials investigated on this program
(NGK Z-191 Y-TZP and Nilsen MS Mg-PSZ). Mg-PSZ consists of ~37% tetragonal
ZrOz, existing as a fine intragranular dispersion within large cubic grains.
Y-PSZ is 100% tetragonal single phase (more correctly referred to as TZP,
tetragonal zirconia polycrystals). Both materials are relatively dense, ~5.8
g cm 3, or ~80% more dense than silicon-base ceramics.

The TZP material (Y-PSZ) has a finer grain size (~2 ym vs. ~b0 ym) and is
~40% higher strength. Both materials exhibit Weibull moduli that are high for
ceramics (m ~20). At 1000°C the Y-TZP suffers ~70% fast fracture strength
reduction, whereas the Mg-PSZ strength is reduced ~50%. 1In both materials,
this is the consequence of the tetragonal particles/precipitates becoming more
stable with increasing temperature. Magnesia-stabilized zirconia has higher
fracture toughness (~10-12 MPa'm1/2) than the yttria-stabilized zirconia (~8
MPa'ml/z). As a function of temperature, fracture toughness follows the trend
of the relative strength degradation. Thermal expansion and elastic modulus
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TABLE 26.

COMPARISON OF TWO MAJOR FORMS OF TRANSFORMATION-TOUGHENED ZIRCONIA

3% Mg-PSZ (TTZ)

5% Y-PSZ (TZP}

Cubic with tetragonal precipitates
(58% c, 37% t, 5% m)

Llarge grain size (~50-75 yum)

High density (5.7 g cm™3)
Intermediate strength (90 ksi)
High Weibull modulus (m = 25)

50% strength and toughness reduc-
tion at 1000°C (tetragonal less

metastable)

Higher toughness {~10-12 MPa'ml/Z)
Expansion, elastic modulus ~Y-PSZ
Poor thermal stability - overaging
30-70% strength reduction after

1000 hr/1000°C

30-50% toughness reduction after
1000 hr/1000°C

Good creep resistance
Creep, elastic modulus unaffected
by overaging

Internal friction peak altered by
phase changes

Apparent destabilization and de-
composition effects

Can be optimized for thermal shock

Good static fatigue behavior (minimal
time dependence; failure on cooling

at MS)

Thermal fatigue minimal (cycling
through Mg not detrimental)

Most failures relate tot »m
transformation: wmajor limitation

Time at temperature most important

A1l tetragonal (single phase)

Fine grain (1-5 ym)

High density (5.9 g cm™3)

High strength (130 ksi)

High Weibull modulus {m = 19)
70% strength and toughness re-
duction at 1000°C (tetragonal

less metastable)

Slightly 1oyer toughness
(~8 MPa mY/ 2)

Expansion, elastic modulus ~Mg-
PSZ

Long-term stability at tempera-
ture

Only 7% strength and toughness
reduction after 1000 hr/1000°C

Thermal expansion unchanged
by exposure

Internal friction unchanged,
peak at 200°C

Thermal diffusivity ~ Mg-PSZ

Potential degradation at 200°C
(water vapor) (not investigated
on this program)

Poor creep resistance (Si0
intergranular phase, fine
grain)

Excessive deformation at tem-
perature a major problem
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are similar for Mg- and Y-PSZ materials. VYttria-stabilized TTZ exhibits a
creep rate more than an order of magnitude higher than magnesia-stabilized
TTZ. Mater quench thermal shock resistance is higher for Y-PSZ, owing to its
higher strength. However, the phase composition of Mg-PSZ can be altered
specifically to improve its thermal shock resistance (however, at the expense
of strength and toughness).

Y-TZP has much better long-term high temperature microstructural stabil-
ity compared to Mg-PSZ. This is summarized in Figures 111 and 112, After
static thermal exposure for 1000 hr at 1000°C, the residual strength of the
TZP material was 93% of the original strength. Conversely, the Mg-PSZ
exhibited almost a 60% decrease in strength after 1000 hr/1000°C exposure.
Similar behavior is observed for the fracture toughness of these two forms of
transformation-toughened zirconia. The Mg0-TTZ tetragonal precipitates are
very prone to overaging with resultant loss of properties. This is very
evident in thermal expansion behavior, which is quite sensitive to detection
of any monoclinic zirconia present in the microstructure. However, the
elastic modulus and creep behavior are unaffected by such overaging phenomena
in Mg-PSZ. Interestingly, both Mg-PSZ and Y-TZP degraded in thermal shock
resistance an equivalent amount (to equal AT.).

For Y-TZP, the overriding long-term problem is not overaging and the
resulting tetragonal-to-monoclinic phase transformation such as is found in
Mg-PSZ. Rather, high temperature deformation is the critical issue, and is
thought to be related to the fine grain size and SiOz-rich intergranular
regions. The Y-TZP investigated on this program was single phase (tetrag-
onal). Thus, the active tetragonal phase that is responsible for toughening
is unprotected from the environment. Certain forms have shown severe degra-
dation in the presence of water vapor (although this issue was not investi-
gated on this program). The tetragonal phase in Mg-PSZ is an intragranular
precipitate, and thus such environmental problems would be expected to be less
pronounced.

For Mg-PSZ, all failures or deficiencies.appear to be related to unwanted
tetragonal-to-monoclinic phase transformation. The Mg-PSZ materials exhibited
relatively time-invariant strength during 2000 hr/1000°C static fatigue tests.
However, all Mg-PSZ materials failed when cooling under load as they reached
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Figure 1ll, Fracture toughness of zirconia at 25°C before and after

1000 hr/1000°C thermal exposure.
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the My temperature. These static fatigue results illustrate that (a) the
conversion of any unconstrained tetragonal phase in the Mg-PSZ structure to
the monoclinic form at the M, temperature as the material cools through the
martensitic transformation region, and (b) loss of the cubic phase by desta-
bilization and decomposition are the most critical parameters for long-term
property degradation and the development of associated 1ife prediction method-
ology and strategies. The limiting long-term behavior is not related to bulk
diffusion, cavity nucleation, creep fracture, subcritical crack growth, etc.
It is simply related to controlling the phase assemblage of the structure, and
preventing its conversion to monoclinic as the Ms>temperature is reached upon
cooliny from the service temperature or during in-service temperature excur-
sions while under load.

Thermal fatigue tests were conducted by cycling these materials 1115
times from 25° to 1000°C. The results indicate that the total time at 1000°C
is the parameter that is most controlling of the phase degradation. Repeated
cycling through the martensitic transformation region, where microcracking can
occur, does not appear to be particularly detrimental (however, severely over-
aged materials were not subjected to the thermal fatigue test on this
program) .

From the point of view of thermal design with transformation-toughened
zirconia for adiabatic diesel engine applications, it is noteworthy that there
is no thermal benefit of Y-TZP over Mg-PSZ--both forms of transformation-
toughened zirconia have nominally equivalent values of (iroom temperature)
thermal diffusivity. The increase in thermal diffusivity for Mg-PSZ upon
long-term degradation, however, is typically nominally 10-13%, but can be as
high as 40%. This will certainly affect the thermal performance of the adia-
batic system (if not first noticeable in the decreased mechanical performance
due to the concurrent drastic decreases in strength and toughness associated
with the degradation).

The most useful analytical tool used to assess TT-ZrO2 is XRD to quantify
the phase assemblage. Several mechanisms appear to be involved in the degra-
dation of Mg-PSZ materials. Such mechanisms include overaging, stress-
assisted transformation, decomposition, and destabilization. Overaging is
explained by the conversion of the original metastable tetragonal to
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monoclinic, Destabilization and/or decomposition is indicated by the |
conversion of the original cubic phase to monocliinic. Both of these phase

transformations (e.g., t = m, ¢ » m) were detected for exposed Mg-PSZ
materials investigated in this program.

When considering the use of these materials in design of structural
components, the ceramic technologist would be wise to consider only relatively
low temperature applications. There, the high toughness of TTZ leads to flaw
tolerance and high Weibull moduli. Therefore, these materials have perhaps a
higher probability of design acceptance compared to monolithic ceramics. Life
prediction methodologies should be based on the phase structure (e.g., tetrag-
onal retention) rather than strictly on flaw size.

From a materials development standpoint, a potentially fruitful area of
research is to attempt to increase the transformation region to temperatures
well above the expected use temperatures. Increased long-term stability would
then possibly be achieved.
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APPENDIX

TABULAR DATA: FLEXURAL STRENGTH, MODULUS, FAILURE STRAIN
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